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New Approaches to Economic Comparison For 
Engineering Projects 


by J. MORLEY ENGLISH 


Professor of Engineering and Director of Engineering Research, Department of 


Tur investment decision problem is that of choosing 
one of a number of identified and relevant alternatives 
in order to maximize a prospective return to the investor. 
This implies that the investor must be able to specify the 
nature of the return or pay-off that he desires and, also, 
that he is willing and able to make some prediction of 
the future. 

Traditionally, economy studies have _ implicitly 
assumed that the pay-off is money, discounted with re- 
spect to time at some constant rate (that is, interest). 
Predictions have been based on most likely outcomes 
in the judgment of the analyst, with only subjective and 
indirect evaluation of variance being taken into account. 
Current methodology has been focused on techniques of 
analysis in a deterministic sense. Such approaches as 
those characterized by Grant (2) and Terborgh (5), 
have been extremely useful, but perhaps by concentra- 
tion on techniques of comparison, have detracted from 
consideration of the problem of the pay-off or utility- 
function and the prediction problem. It is the purpose of 
this presentation to raise questions concerning these two 
points, and, thereby, to dispute the validity of invest- 


ment decisions reached by traditional methods of 
analysis. 


THE UTILITY-FUNCTION 


A decision to invest in one alternative in preference to 
some other is based on judging which offers the greater 
expected pay-off or return, in terms of some utility- 
function or personalized value system. The utility-func- 
tion, whether that of an individual or of a corporation, 
is an extremely complex thing. It includes many com- 
ponents which are nonmonetary and highly subjective. 
It is not constant with time. Fortunately, in comparing 
any two alternatives (or a set of alternatives in pairs) 
any elements which are identically equal for both can be 
excluded. Thus, we need only to identify the elements of 
costs, incomes, etc., which are different. Certainly, many 
components will remain subjective and not readily 
analyzable. This means that they will always represent 


* Based upon a presentation to the American Institute of Indus- 
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an important area of judgment. The components, which 
are related to the comparison and which we will consider, 
are: 


1. The utility of time (time-value of money). 
2. Length of time of the investment commitment. 
3. Utility associated with risk. 


The discussion of the last of these is deferred until after 
the discussion of prediction. 

The time-utility of money reflects in some form a dis- 
counting of the future. Simply stated, it is: “A dollar 
now is worth more than the promise of a dollar at some 
future time.” Traditional treatment in economy studies 
introduces this concept as the “time-value” of money, 
and compares alternatives in terms of a constant rate 
(interest or rate-of-return) at which the future is dis- 
counted to the present (2). This has been accepted as an 
axiom whenever the rate-of-return approach to compara- 
tive economic studies has been employed. Since so much 
of the financial structure of business is. predicated on 
this, such a constant rate tends to truly reflect a time- 
value concept. However, I contend in this presentation, 
that it may lead to error in reasoning; the rate at which 
an individual discounts the future need not be constant. 
The notion of a time-value reflects the money market 
situation, whereas a time-utility notion is the personal- 
ized evaluation of money with respect to time. It is in- 
tuitively correct for the individual to discount the future 
completely beyond some arbitrary point in time. For 
example, a man who has been given two more years to 
live, barring his concern for relatives, will be inclined to 
discount a dollar return for the third and subsequent years 
at an infinite rate; he will have no utility for any return 
after two years. 

In replacement economy, the pay-out period policies 
for determining when a replacement is economical is 
considered to be erroneous by those who have con- 
sistently used a constant rate in economy studies. How- 
ever, let us consider what this means in terms of utility. 
If we plot the interest rate, r, as a function of time (Fig- 
ure 1), we see that both the policy of “paying for itself in 
T, years” (Curve A), and the constant rate (Curve B), 
are straight lines. The “pay-out” period approach, in 
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effect, says we will not discount the value of any dollar, 
r=o, in time 0 <t< T, and will fully discount it, 
r= oo in time t > T,. Neither of these idealizations is a 
true representation of actual utilities. Depending on the 
degree to which the present time features more strongly 
than the future in one’s utility-function, we will tend 
toward one or the other of these idealized curves. A 
realistic rate of discounting of the future may be repre- 
sented by some function of time (Curve C), which is not 
discontinuous. On the other hand, it is not a function 
which may be determined either analytically or experi- 
mentally. Since this is subjective, it is suggested that any 
convenient function may be used and reference points 
on the curve may be established arbitrarily. These may 
be the initial rate r, and an arbitrary future which ap- 
proximates the extreme range of your interest of the 
future. Thus, such a convenient function is 


t 
To 
Another convenient function which alternatively might 
satisfy such a criterion is the exponential form 


r = rosec 


Eq. 1. 


r = Eq. 2. 
=o the function reduces to the conventional 
constant interest r. The company which must place a 
high utility on present dollars (that is, one concerned 
with questions of cash flow), will tend to establish a high 
rate of discounting dollars in 7, years, say r = 1. 


When a 


Then, 
r = Log ri/ro 3. 
Ezxample—Assume the planning horizon of company 
xyz is 10 years. The base interest, on which they choose 
to make investment decisions, is 10%. However, the 
policy concerning the long range future is that 100% rate 
in the 10th year is needed to justify an investment. 
From Eq. 3. 


0. 10e°-23¢ 


The advantages of the proposed method include an 
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intuitive appeal that immediately provides a way to 
reconcile the short-run and long-run viewpoints. It is 
interesting to note that such companies as the telephone 
company have adopted a constant rate-of-return ap- 
proach in all of their economy studies, whereas smaller 
and newer concerns lean toward a limited pay-off ap- 
proach. 

The managements of both large established and small 
new concerns have intuitively reflected the philosophy 
of their respective time-utility functions. The manage- 
ment of the telephone company is planning beyond the 
life of its personnel, whereas the manager of the small 
company often is identifying the company goals with 
his own goals. On the other hand, there are situations 
in which the divisions of a telephone company should 
be concerned primarily with the short range return, and 
vice-versa for the smaller company. The proposed new 
approach forces consideration of the nature of the utility- 
function. It places judgment on a level which is closer to 
experience. It leads to the conclusion that the one al- 
ternative will be chosen by one company and the second 
by another company. This is consistent with observation. 

Adoption of this proposed, more general rate-of-dis- 
counting requires a revised analysis. The costs (and in- 
comes) associated with a proposed project are a function 
of time, x(t), which will contain both discrete and con- 
tinuous elements (for example an initial investment J 
plus an annual cost R). Thus, the weighted present 
worth, in its most general form is: 


T 
-f x(the-"“ ‘dt 
0 


This present worth may be converted to an equivalent 
uniform annual cost associated with the project in a 
similar manner to the “Capital Recovery Factor” used 
by Grant. The present worths neglect the elements of 
costs for the interval between their life expectancies and, 
therefore, an equivalent annual cost is needed 


T T 
P -f dt -f Re-" ‘dt 
0 0 


where FR is an equivalent uniform rate of cost. Thus 


T 
f ‘dt 
0 


R = 


T 
f 
0 


It should be recalled that in an equivalent annual cost 
approach, the identical project is assumed to be repeated 
for an indefinite number of times. However, other fac- 
tors should enter into our consideration. 

The alternative with the shorter expected life provides 
an opportunity to the decision maker to reassess his 
position, and to make a new or repeat decision in the 
light of experience, new information, and improved al- 
ternatives, as well as to reassess his utility-function. 
Therefore, in this respect there is a distinct advantage to 


Kq. 4. 


Eq. 5. 


Volume - 


the shorter-lived alternative. In traditional approaches 
this has been disregarded except for the one case of the 
replacement economy problem. Terborgh in the develop- 
ment of the MAPI replacement formula (5) allows for 
technological change, by assessing an increasing cost 
function against the “challenger,” (the project which 
challenges the replacement of an existing installation). 
This same approach is valid for the comparison of two 
new alternatives, but its importance as a factor in the 
decision, diminishes as the expected lives of the alterna- 
tives approach one another. For the replacement situa- 
tion the alternatives usually reduce the retention of the 
“defender” for a limited period versus a considerably 
longer-lived challenger. A number of approaches to the 
treatment of the advantage of a new decision at the end 
of the shorter life expectancy may be developed. One of 
these might be to make an assessment of the cost of the 
decision and of a weighted dollar utility associated with 
the advantage of the opportunity to make the earlier 
decision. The costs are then reduced to some basis of 
equivalent utility for comparison just as for any other 
element of the cost function. 


PREDICTION 


The predicted costs of a project are based on the in- 
formation of past experience. If certain assumptions as 
to the relationships of the parameters of the statistical 
data can be made, then it may be possible to extrapolate 
some regression function into the future. Of course, it 
must be recognized that the future outcomes may be 
greatly influenced by factors which were relatively insig- 
nificant in the original data and, hence, do not reflect 
in the regression function. This is obviously the major 
pitfall in any prediction. Furthermore, many predictions 
must be made on subjective and intuitive information. 
Nevertheless, conceptually, it may be permissible to 
represent a prediction as an extrapolation (Figure 2). If 
the regression function is of a form y = ax + b, it will be 
observed that a and 6 as the intercept and slope of the 
regression function will be random variables whose 
means establish the prediction function. The variances 
of a and b indicate the way the variance of the prediction 
curve will tend to increase as a function of time. This 
means that the confidence of an estimate diminishes the 
further into the future one makes it. A means of ac- 
counting for this tendency in economic comparison has 
been suggested by English and Haase (1). The method 
proposed involves the development of a present worth in 
terms of a projection function whose variance is de- 
termined by the variance of z(t). The variance of 
x(t), ¢,” is assumed to be an exponential function of 
time. 

Stated in its general form, alternative investments can 
be compared by some function of expected equivalent 
annual cost and variance of annual cost. Using the more 
general concept of rate-of-discounting developed earlier 
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the present worth is 


P, = f — 


If we use Curve A which might be chosen arbitrarily 


Kq. 6. 


T 


P, = E(P) - wf Eq. 7. 


0 
The function used for comparison of alternatives is 
modified then to 
T T 
E(x)e-"'dt — w f 
0 0 
= 


T 
f e~"'dt 
0 


In effect, this introduces an expectation-variance prin- 
ciple of choice as discussed by Morris (3). The factor w 
which makes is possible to make a probability statement 
about P,, may be considered as a weighting factor for 
the influence of variance. 


Eq. 8. 


UTILITY ASSOCIATED WITH RISK 


As yet, we have not discussed how one might go about 
selecting the weighting factor, w, for the influence of 
variance on the decision. This is extricably related to 
the utility-function and as a consequence must remain 
largely subjective. However, it is well to reflect on the 
nature of the interaction between the utility-function 
and variance of the outcome. 

If the utility-function is a straight line and one plays 
the game with a finite investment from an infinite capital 
resource then, according to the laws of large numbers, 
variance should not enter into the consideration of any 
single investment. This would also be true if we play 
with a large part of our capital provided that we could 
truly say that the utility-function is linear, that is, the 
concept of marginal utility of money does not enter into 
the problem. By limiting the amount of any one invest- 
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ment to a small fraction of the total capital, one effec- 
tively limits the probability interval to a sufficiently 
small region of the utility-function, which for all prac- 
tical considerations, may be considered a straight line. 
Thus, for small commitments, expectation alone should 
be tne criterion. On the other hand, when a larger pro- 
portion of capital is risked, the greater will be the effect 
of variance. How this may be done will depend on a defi- 
nition of a utility-function. It is sufficient for purposes of 
this article merely to call attention to the principles 
involved. 

If the investment, J, is considered. to represent the 
costs associated with some initial period, ¢;, during which 
the project is initiated, it may be represented in a formal 


way as 
I -{ 
0 


Then the weighting factor for the influence of variance 
on the investment decision may be subjectively de- 
termined as a function of J 


Eq. 9. 


w = w(t) Eq. 10. 


THE INVESTMENT DECISION 


The foregoing considerations may all be incorporated 
in the generalized statement that alternative projects are 
compared by ranking some equivalent annual utility 
parameter f;(R). These may be equated in pairs 


f(R)a = f(R)e Eq. 11. 
Due to the complexities of solution of Eq. 11., it will 
be easier to assign a value for a reference or base rate-of- 
return, r, and rank the alternatives in terms of r,. This is 
precisely what is involved in the traditional present 
worth and capital recovery comparison techniques. Thus, 
given an r,, the project with highest f(R) will determine 
the choice of project. It should be emphasized that by 
introducing the weighting factor, w, into the equation, 
and by involving a functional relationship for discount- 
ing of the future, the rate-of-return r, does not retain its 
usual meaning. In a sense it may be thought of as a base 
rate-of-return or perhaps more appealingly it might be 
called a “Profitability Index.” 


CONCLUSIONS 


The foregoing development may appear to introduce 
added complexity into the method of analysis of invest- 
ment alternatives. There is always a danger that a com- 
plex calculation presents an appearance of precision and 
accuracy which indeed is not justified by the subjective 
judgments which cannot be included in the numerical 
analysis but which are essential to sound conclusions. It 
is claimed that the added complexity of the proposed 
approach is justified by the necessity to focus on the as- 
sessment of the utility-function of the company. The tra- 
ditional approaches used in economy studies, insofar as 
they may ignore these considerations may tend to lead 
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to erroneous conclusions. In the traditional approach, 
the subjective evaluations are introduced in the compari- 
son of the computed equivalent annual cost, where the 
effect of experience is more remote. 

The proposed method provides a means of taking into 
account a varying rate-of-discounting of future monies, a 
utility associated with the opportunity to reconsider a 
decision at the earlier time, and a weighting of the size 
of the capital commitment. These elements all involve 
judgment but are introduced consciously at a meaning- 
ful level of experience. The result should be improved 
investment decisions. 
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CONTRIBUTED TECHNICAL PAPERS 
FOR THE THIRTEENTH ANNUAL 
NATIONAL CONFERENCE 


Sessions at the Annual National Conference of 
the American Institute of Industrial Engineers, to 
be held in Atlantic City on May 17 and 18, 1962, 
will be open for contributed papers by individuals 
doing research or development in the area. 

Titles and abstracts of these papers must reach 
Andrew Schultz, Jr., Upson Hall, Cornell Univer- 
sity, Ithaca, New York, by March 15, 1962. The 
title should include: title of paper, full name and 
initial of the author, his affiliation and address. The 
abstract should be carefully prepared to indicate 
the essence of the paper, the purpose, what was done, 
and the conclusion; and it should be limited to two 
hundred words, double spaced, with one carbon. 

It is hoped that the membership will take advan- 
tage of this opportunity to report on research ac- 
complishments. 
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Operating Systems Control 
by Use of Prime Paper 


by HERBERT E. POUND 


C. YMPANIES have means for controlling operating 
costs attributed to manpower, material and facilities, but 
by what means do they control costs attributed to faulty 
implementation of their operating systems? Let’s try to 
find out by taking a look at a typical company. 

We find that, because of “span of management” limita- 
tions and the fact that the activities are naturally grouped 
into functional categories, the company consists of a few 
primary departments and several complementary depart- 
ments. 

We also note that this need to push down authority and 
responsibility has resulted in a collection of autonomous 
authorities—all of whom are sincere about accomplishing 
their own activity objective. The initial company-wide 
operating system is the result of the thinking and person- 
ality strengths of these managers. The quality of the 
system depends upon the degree of uniform cooperation 
between these managers and their intelligent application 
and analysis of flow chart principles. 

When unforeseen or new ideas are brought into the 
system the locally affected managers are the ones who 
accomplish the change. It seems to be par for the course 
that they take the approach of, “Let’s try this new idea 
out, and if it’s any good, we’ll adopt and document it.” 
This is often done without the benefit of flow charting or 
consideration of the indirect effects on other departments 
of the overall organization. In fact, the idea is often 
adopted without any knowledge that it may create a new 
situation (havoc) in another part of the company. 

To add to the confusion, we find that the organization 
faced with the new situation works out a procedure to 
handle it—again without knowing the consequences on 
other departments. The fact that each of these problems 
is worked out and procedurally documented locally does 
not insure that the basic operating system remains under 
control at all. 

Each activity has an index or filing system for proce- 
dures in its manuals which may or may not follow the 
company universal numbering or functional category 
system. In any case, the system does not offer any real 
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method of control for it is merely a convenient filing 
system that is related only to the company structural 
setup, rather than to the operational system. In fact, one 
reason the situations previously mentioned occur, is that 
it is often difficult for a manager faced with a new situa- 
tion to locate a procedure on a subject. 

The index is, however, the place to establish control of 
the operating system, for it is the only point where it can 
be totally documented. This paper proposes a method by 
which this may be done. 


ACTIVITY—PAPERWORK RELATIONSHIP 


First we will recognize a basic fact—overt behavior is 
usually recorded on a corresponding piece of paper. We 
ourselves “are not” unless we can be identified on paper 
as being what we are—married, a specialist, auto or home 
owner, or even born. Usually, nothing “happens” until a 
piece of paper is filled out. You don’t get to take your 
bride home until the certificate is signed. A boxing match 
does not happen until papers are signed. Likewise, a 
business does not exist or start in motion without paper. 
Although a production manager may think he is putting 
parts together to build a product he must realize that 
these parts and the paper that represents them are in es- 
sence the same thing. He, then, is really interested in 
putting together a component and its corresponding com- 
plete set of paper. 

It is suggested that for each major activity there is 
usually one single prime piece of paper (form) which 
must be moved through the organization to accomplish 
the activity objective. Practically every other piece of 
paper and procedure in the activity can be presumed to 
take on certain relationships to the prime paper as as- 
certained by the fact that they will start, move or follow 
it up through completion. These relationships may gen- 
erally be classed as authorizations, preparation, release 
and follow-up. 

The problem of determining where these prime pieces 
of paper exist, so that the index will be located at the 
proper level, is the one which we will now consider. Our 
analysis will be made by starting at the top of the com- 
pany organization chart and establishing a control point 
in each office which is responsible for the one prime piece 
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Ficure 1. Basic Organization Structure—Including Relationship of 
Basic Operating System by Prime Paper. 


of paper which must be processed through its organiza- 
tion to accomplish the activity objective. We notice that, 
aside from the necessity of insuring that the enterprise 
objective is maintained, the managers have been free to 
choose any type of organizational structure which they 
believe will best accomplish their individual objectives, 
that is, functional, territorial, product, customer, process 
or a combination of these. This will not hinder our search 
for prime paper, however, for the type of structure does 
not alter this approach to control. 

It also really doesn’t matter what type of company we 
are studying—service, product or manufacturing. For 
purposes of simplicity we'll assume that ours is a manu- 
facturing company. It contains five primary departments, 
Sales, Engineering, Production, Materiel and Finance. 
The company-wide operating system is dependent upon 
the relationships between these departments. 

There is no one single piece of paper in the operating 
system to control these relationships, but a little effort 
brings forth the fact that there usually is a single prime 
piece of paper for each of the departments. 

For example, the work order, drawing with parts list, 
production order and purchase order can be considered as 
prime paper for their respective Sales, Engineering, Man- 
ufacturing and Materiel Departments. The Finance De- 
partment, having more than one activity function, may 
have several prime pieces of paper which can be con- 
trolled. The company organization chart might look like 
that shown in Figure 1. 


CONTROL LEVELS 

The department level then appears to be the ideal place 
to place our controls. This is the level where coordination 
of “what” each department promises to do for each other 
to establish and maintain the system exists. Control of 
changes to the system is in the hands of a few depart- 
ment heads whose familiarity with the enterprise objec- 
tive is clear. 

It is also the level which can best control the individ- 
ual department operating system as it relates to the 
prime piece of paper. The bulk of the company proce- 
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dures are, of course, written at this level. Consequently 
controls here are of the utmost importance. 

Once this prime piece of paper is identified, it becomes 
reasonably simple to proceed in the investigation of the 
system that is used to move it through the respective 
activity department. Let’s remember that we are search- 
ing for every form or procedure used in the system and 
that these will be placed in their proper classification in 
the index—authorization, preparation, release, follow-up 
and miscellaneous. Our work sheet may look like Figure 
2. We notice for example, that it contains: 

1. A list of forms used by classification. 

2. A list of documented procedures by classification. 

3. A ready identification of relationships of forms and pro- 
cedures to the prime paper. 

4. A complete picture of the activity objective. 


A formal index might be proposed as illustrated in 
Figures 3 and 4. This index now becomes a tool which is 
located at the responsible level and which can be easily 
used by all concerned persons. 

Things to be considered before any thought is given 
regarding how to use this tool, is “what is to be con- 
trolled?”, “to whom is the control applicable?”, and “who 
is to be responsible for the control?”. 

As previously indicated, the established operating sys- 
tem should always be what the responsible manager be- 
lieves it to be. Any change in either procedures or forms 
must be evaluated with the system in mind before being 
approved. 


CONTROL RESPONSIBILITY 


The line managements responsible for segments of the 
system are the ones “to whom the controls are applica- 
ble,” for it is they who attempt to make changes for a 
variety of reasons. Desire for new forms, undocumented 
emergency conditions, desire to implement or experiment 
with a new method, etc., are some reasons for these at- 
tempts. Requests may also come from line management 
in other activities. 

The manager of the activity, who is responsible for 
completion of the objective, naturally, should assure that 
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PREFACE 


INDEX PREFACE 


The first three digits will identify the department and classification of the procedure as related to the prime 
pa 


The last three digits are the assigned number given the procedure in its respective classification as it is developed. 


Basic Classification Identification Number 
Dept. | Prime Paper Identification 
| Number Authorization Preparation Release Follow-up Mise. 
Sales | Ww ok. Order 100 110 120 130 140 145 
Engr. | Drawing and Parts List 200 210 220 230 240 245 
Prod. Shop Order 300 310 320 330 340 345 
Materiel | Purchase Order 400 410 420 430 440 445 | 
| Payroll 500 510 520 530 540 ~<a 
Financial Stateme ont 560 570 580 590 595 


FicureE 3. Procedures and Forms Index—Preface. 


this control is located either in or responsible to his office. ment and that it has the backing and cooperation of all 

The emphasis from this office which is put on the need for _ affected managers. 

controls will determine the success or failure of the project. The grouping of procedures by the suggested classifi- 
A word of caution is mentioned here, for the reader cation readily shows the index to be a control tool which 

should not get the idea that the word “control” means can be used by all concerned. Every piece of paper (pro- 

‘delay.”’ This paper will assume that the procedure system cedures and forms) has been collected in a usable man- 

has a built in method for rapid revisions by line manage- ner. Although it may appear that we should investigate 
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Figure 4. Procedures and Forms Index. 
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procedures and their related forms simultaneously, we 
find that our analysis may indicate that an investigation 
should start on a form in one instance and on a proce- 
dure in another. For this reason we will consider them 
separately. 


FORMS AND PROCEDURES ANALYSIS 


We will discuss forms first, for it is easier to spot dupli- 
cation of use of a form in any of the classifications. Con- 
trol of forms may be accomplished by evaluating them as 
follows: 


1. Repetitive listing of a single form in any one classification 
may indicate duplication of procedure coverage. 

2. An accumulation of a number of forms under a single 
classification is usually cause for an investigation into the need 
for so many forms. A reduction in the number of forms and re- 
lated procedures is often possible, by combining forms which 
contain similar requirements. This may or may not improve the 
operating system, but certainly reduces costs 

3. Duplication of forms may be avoided. All attempts or re- 
quests by the line supervision for new forms can be checked 
against the index to determine if there may already be —.e in 
existence which can handle the problem 

4. Requests for a change in a form often affect the existing 
procedure (operating plan). This must be evaluated in total to 
insure that the basic plan is not aborted. 

5. A variety of forms received from other organizations may be 
noticed which authorize the preparation of the prime paper. When 
this causes a number of procedures to exist in the organization 
solely for the purpose of handling them, a review might be made 
to consider the possibility of developing a single form which all 
outside organizations would be required to use. 


Procedures listed in their proper classification may be 
controlled and evaluated much like the way we handled 
forms. 


1. Too many procedures under a single classification can indi- 
cate that like organizations are doing the same thing differently. 
An investigation can determine the most effective procedure and 
steps can be taken to get it adopted by all of them 

2. Chances for duplication of procedures are reduced when they 
are classified in a manner which makes it easy to locate a pro- 
cedure on a needed subject 

3. Requests for a change in any part of the system can be 
evaluated for its effect on the overall system because the appli- 
cable procedures in the related classification are easily found 

4. Control of relationships between departments is easily ob- 
tained. It is logical that a “release” procedure in one department, 
for example, might be an “authorization” in another 


The foregoing are examples of methods for using the 
index to control the operating system. However, in addi- 
tion to the direct means of control secured by classifica- 
tion in relationship to a prime piece of paper, there are 
other indirect benefits that may be had with very little 
extra effort. 


UNIFICATION OF PURPOSE 


Our attention so far has been concentrated largely on 
the mechanics for developing an index as a control. We 
should now step back a bit and see what the prime piece 
of paper can do in a more general way. 
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Let’s twist the word “control” we’ve been using to 
“unification of purpose” and see if more advantages be- 
come apparent. 

The question we had to ask to locate the prime piece of 
paper was, “What piece of paper is important to the 
entire organization?” Once located, we realizea that the 
converse thought also held true—that the entire organiza- 
tion (people, procedures and forms) must have a “uni- 
fication of purpose” toward this prime piece of paper. 

We have, then, an opportunity to do what every man- 
ager prays for—keep everyone pointed in the one direc- 
tion of accomplishing the activity objective. The classi- 
fication system used in the index forces thinking in this 
direction. Additionally, we can further utilize this oppor- 
tunity with no extra cost by merely “slanting” the pro- 
cedures toward the prime piece of paper. 

Instead of titling procedures to form names or with 
passive titles and purposes, they can be slanted toward 
the prime paper. For example, let’s take a form—we’ll 
call it an Emergency Parts Release (EPR). Its purpose 
is to get an extra part from a store to replace a part 
which a manufacturing shop has damaged. The normal 
“purpose” stated in procedures describing the use of the 
form is “to develop a method to process an EPR.” A 
slanted purpose might read “to establish an emergency 
method for obtaining replacement of damaged parts to 
permit resumption of production on a shop order.” The 
reference to the need to resume stopped production on 
the prime paper, the shop order, gives weight to the pur- 
pose and makes the user aware of the activity objective. 

This technique of slanting is very instrumental in estab- 
lishing a uniform purpose in all effort. It naturally has a 
morale boosting effect on personnel which is in itself a 
control, for when there is a singleness of purpose any 
deviations are more apt to be noticed and questioned. 
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Pacing Effects 


in Production Lines 


by ELWOOD S. BUFFA' 


Associate Professor of Production Management, School of 
Business Administration, University of California 


Pieruars we have all heard accounts of labor dis- 
putes that erupted because a foreman allegedly tampered 
with the speed control of the conveyor. If he wanted extra 
output, should he have speeded it up or slowed it down? 
What functions do banks between operations perform? 

These questions are interrelated and fortunately, re- 
cent research gives some information about them. In a 
series of experiments dealing with work paced by a con- 
veyor or a machine, Conrad (2) compared the output 
results for the same task when the operator was rigidly 
paced so that parts could go by the operator unprocessed, 
when the queues were allowed to build up, as well as 
other important conditions. Rigid pacing means that 
parts are rigidly attached to conveyors. Results of these 
experiments showed that the critical determinant of out- 
put was the time that the part was available to the 
operator. Thus, when the operator was rigidly paced, the 
time available was minimized, and’ so was productivity. 
When time available was maximum, the net output was 
also maximum. 

The explanation for Conrad’s results is straight for- 
ward. The operator’s performance time is not a fixed 
number, but is represented by a distribution. If the 
operator happened to be occupied with one of his longer 
cycles (perhaps because of some minor difficulty in the 
fit of parts, a fumble, ete.) the unit might by-pass him 
unprocessed, thus, reducing output below line capacity. 
On the other hand, when queues of parts were allowed to 
build up, full line capacity was realized in Conrad’s ex- 
periment. The clear logic of the reason is that the oper- 
ator could counter-balance his long cycles with his shorter 
cycles, so that his average output rate could match that 
of the conveyor or machine. The parts would not pass 
him by, but wait for him. 

Hunt (3) examined the same type of situation from a 
theoretical viewpoint, using a waiting line model. He 


*The author is indebted to David A. MacDonald, now with 
Theodore Barry and Associates, Los Angeles, for outstanding re- 
search assistance and to the Ford Foundation for financial support 
for the project. The analyses of variance and other computations 
were carried out on an IBM 709 through the courtesy of the 
Western Data Processing Center of the Graduate School of Busi- 
ness Administration, University of California, Los Angeles. 
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assumed Poisson arrivals and service rates, calculating 
the maximum possible utilization of the line and average 
banks for different cases of banking limitations and dif- 
ferent numbers of stages or stations. Table 1 shows 
Hunt’s maximum utilization figures for a two-station 
balanced line. Note that it is only in Case 1 where infinite 
queues are allowed in front of each station, that full 
utilization is possible. In Case 2, which corresponds to 
Conrad’s rigid pacing, utilization falls to its lowest level. 
For Case 3, with five different levels of finite queues be- 
teen stations, we can see the continuous improvement in 
the maximum utilization factor as the allowable bank 
increases. This agrees with Conrad’s conclusion that the 
time that the part is available to the operator is critical. 

Translating these ideas into design criteria, lines should 
be designed so thut the parts are available as long as 
possible to operators in order that they can average out 
the long cycles against the short cycles in their work time 
distributions. This means the provision for banks be- 
tween operations rather than to attach parts rigidly to 
conveyors in order to achieve maximum or near maxi- 
mum utilization. 

One might raise the question, “Parts are often rigidly 
attached to conveyors in industry, and it doesn’t seem 
as though parts are going by unprocessed; how do they 
get away with it?” One answer is that they get away 
with it by under-utilizing everyone on the line so that 
the probability that a part will get by unprocessed is 
quite small. This, in combination with a physical layout 
that extends the time available, may result in an ac- 
ceptable design. If parts must be attached rigidly to con- 
veyors for some reason, then the system should be de- 
signed so that parts are available to operators for the 
maximum period of time. Thus, for large assemblies, like 
automobiles, refrigerators, washing machines, etc., the 
system is often designed so that workers ride the con- 
veyor while performing their portion of assembly, or 
walk along with the part as it moves. This tends to allow 
the needed flexibility. 

For smaller parts where the worker may be restricted 
to a work place, time available depends upon belt speed 
and parts spacing on the conveyor, for the same fre- 
quency of feed. Figure 1 shows this effect for a work 
place on a line where the worker is seated and can reach 


TABLE 1 


Banking limitation 

. Infinite queues allowed in front of each station 1.0 

2. Infinite queue allowed in front of first station. 
No queues allowed for other stations. 

3. Infinite queue allowed in front of first station, 
the following finite queues allowed in front of 
other stations: 


q= 2 0.75 
q= 3 0.80 
q= 4 0.8333 
q= 8 0.90 
q=18 0.95 


: Calculated Values of pmax, the Maximum Possible Utilization for 
a Two-Station Line and the Indicated Banking Limitations (3). 
ax 
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JPERATOR'S DISTRIBUTION 
* CYCLE Times 


= 
60 
SECONDS 


BELT SPEED 5 FEET/MIN. 
SPACING ON BELT 5 FEET 
TIME AVAILABLE 1 MIN, 


BELT SPEED 10 FEET/MIN, 
——- SPACING ON BELT 10 FEET 
TIME AVAILABLE MIN, 


} BELT SPEED 26 FEET/MIN. 
ACING ON BELT 2 FEET 


— ) TIME AVAILABLE 2 MINUTES 
(c) 


Ficure 1. Effect of Belt Speed and Spacing on 
Time Available of Units to Operator. 


for parts up or down the line, a total distance of five feet. 
The line is balanced for a rate of 60 units per hour and 
the particular operation shown has an average output 
of 60 units per hour with a time distribution shown in the 
upper right hand corner of Figure 1. With a requirement 
of 60 units per hour, or 1 per minute, the belt speed de- 
pends on how far apart the units are spaced on the con- 
veyor. Thus, if parts are spaced five feet apart, as in (A) 
of Figure 1, the belt speed is, (1 unit per minute) X (5 
feet between units) = 5 feet per minute, or 10 feet per 
minute with a 10-feet spacing, etc. The time that each 
part is available to the operator is determined directly 
by the selection of the combination of spacing and belt 
speed. The units would be available one minute at a belt 
speed of five feet per minute, 4% minute at 10 feet per 
minute, 2 minutes at a speed of 244 feet per minute, etc. 
The fact that the operator can reach up and down the 
line for the units has the equivalent effect of finite queues 
in Hunt’s analysis shown in Table 1. 

We are now in a position to give a general answer to 
the question raised previously about the alleged foreman’s 
speed-up of the line. If he sped up the line, he was re- 
ducing the effective queue between operations. Since the 
spacing between units was undoubtedly not changed, the 
net effect on output is not entirely clear. Unprocessed 
units could have counterbalanced the increase in the rate 
of flow of the units. Completing this processing off-line 
is commonly more costly. If the line was already below 
maximum possible utilization (following Hunt’s analy- 
sis), slowing the line could have actually increased net 
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output by increasing the effective queues between opera- 
tions, a paradoxical result indeed. 

The studies and analyses previously cited indicate that 
productivity is definitely linked to time available in a 
paced situation. The following experimental study at- 
tempts to gain some insight into the effect of rate of feed 
and time available on specific manual elements within a 
task as well as on the total work time of the cycle. 


METHOD 


Figure 2 shows the workplace layout that was used to 
test the hypothesis that feed rate and time available are 
variables affecting element times measured and average 
work cycle time. The task required the subject to assem- 
ble two parts in a fixture. Part A was a pin (11% inches 
long, 4 inch in diameter, chamfered on one end). Part B 
was a bushing (%4 inch in diameter, % inch thick, and 
with a concentric hole 0.26 inch in diameter). 

Part A was fed from a dual feeder at predetermined 
rates. The subject grasped the pins from the wells, 
pressed the manual advance buttons, and then moved the 
pins to the fixture, positioning them in holes 1 and 4, 
chamfered end down. (The pins were fed to the wells with 
the chamfered ends always pointing outward. The time 
that the pins remained available to the subject depended 
on the opening of solenoid operated trap doors in these 
wells, and could be varied by the experimenter at three 
different levels). Part B, the bushings, were then pro- 
cured from supply bins and assembled into holes 2 and 3. 
The subject then pressed the disposal buttons, energizing 
a solenoid which caused the parts in the fixture to drop 
into a chute. Finally, the subject placed his hands on the 
idle bar located in front of the Part A wells to wait for 
the next pins to appear. The cycle was then repeated. The 
list of manual elements for the right hand follows: 

. Reach to Part A. 

. Grasp Part A. 

. Move to manual advance button, depress button. 
. Move part A to hole 3 in fixture. 


. Position Part A in hole and release. 
. Reach to Part B. 


WAL FEEDER | 


PA 


/ BIN, PART 8. 


BAR © 


MANUAL ADVANCE] BUTTON 


PARTS JUMBLED 


Ficure 2. Workplace Layout. 
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7. Grasp Part B. 

8. Move Part B to hole 4 in fixture. 
9. Position Part B in hole and release. 
10. Reach to disposal button. 

11. Depress button. 

12. Reach to idle bar. 


13. Remain in contact with idle bar until the next pin is 
available. 


The table height was set at 28 inches and an adjust- 
able chair was used to vary the height of the subject in 
relation to the table so that his elbow was about 3 inches 
above the table top with erect sitting posture. 

Five different rates of feed were combined with three 
different times available in a factorial experiment, yield- 
ing 15 combinations of the paced experimental variables. 
To this was added an unpaced condition so that each 
subject was presented with 16 experimental conditions. 
The cycle for the unpaced condition remained the same, 
pins being fed to the operator from the feeder when the 
manual advance buttons were pressed. The five rates of 
feed corresponded to paced cycle times of 5, 6, 7.5, 10 
and 15 seconds. The fastest cycle time required a very 
high performance by the subjects. The three times avail- 
able were 2, 3, and 4 seconds. The manual cycle remained 
identical for all combinations of the experimental vari- 
ables. 

For all subjects, the time measurements made of the 
right hand were: 

Channel 1, Grasp plus move to fixture of Part B. Elements 7 
and 8. 

Channel 2, Positioning of Part B in fixture. Element 9. 


Channel 3, Press disposal button and reach to idle bar. Ele- 
ments 11 and 12. 


Channel 4, Time in contact with idle bar. Element 13. Aver- 
age work cycle time could then be determined by subtracting the 
idle time from the total cycle time. 


INSTRUMENTATION 


To instrument the work place the Electronic Time Re- 
corder (ETR) was used. All wiring was under the table 
with no direct connections to the subject. The ETR 
operates on an electronic switching principle so that when 
the subject touches certain contact points on the work 
place in the performance of the task, electronic counters 
are turned on or off to accumulate the desired time val- 
ues accurately. For a more complete description of the 
operation and use of the ETR see (1). 


SUBJECTS AND EXPERIMENTAL ROUTINE 


Twenty male university students with preferred right- 
handedness served as subjects. All subjects were trained 
and allowed to practice for about 150 cycles at various 
levels of pacing before any data were taken. In addition, 
after the initial training and practice period, the subject 
was allowed to practice 30-40 cycles on each combination 
of the experimental variables before any measurement 
took place, however, the subject was not told exactly 
when measurement was to begin. In every instance, 10 
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TABLE 2 


Analysis of Variance, Channel 1; Log of Time 8 10 Cycles of 
“Grasp Plus Move to Fizture of Part 


Source of Variation Heseee ot = Mean Square F 
Subjects 19 1.20632 0.06349 23 .77* 
Rate of Feed 4 0.12626 0.03157 11.82* 
Time Available 2 0.00078 0.00039 0.146*** 
Residual 274 0.73185 0.00267 

Total 299 2.06519 


_* p<0.01; *** not significant. Other interactions were not sig- 
nificant and were combined in residual. 


cycles were measured accumulatively for each of the four 
measurements made. The 16 combinations of the experi- 
mental variables were presented in random order to the 
subjects. When the unpaced combination was presented 
to the subject, he was instructed to perform at a pace 
which he felt he could maintain over a normal work day. 
The total time per subject including training and practice 
averaged two hours and forty minutes. For each of the 
four measurements made there resulted 320 items of data, 
since each of the 20 subjects performed under each of the 
16 combinations of experimental conditions. 


RESULTS AND DISCUSSION 


In programming the IBM 709 to perform the analysis 
of variance shown in Tables 2, 3, 4, and 5 the data were 
converted to logarithms, a common transformation used 
to normalize performance time distributions. 

In all four of the measurements made, subjects and 
rate of feed were found to be significant at beyond the 1 
percent level, with the exception of rate of feed for the 
Channel 2 measurements (position Part B in fixture) 
which was significant above the 5 percent level. The sub- 
ject effect is common in these types of experiments, and 
is not of central interest. The effect of rate of feed on the 
measurements made is highly significant and Figure 3 is 
a graph of the average values for the four measurements 
versus the imposed cycle times. In general, the time 
measurements made are reduced as the imposed cycle 
time becomes smaller. An exception is the Channel 2 
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Ficure 3. Average Time versus Imposed Cycle Time. 
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TABLE 3 


Analysis of Variance, Channel 2; Log of Time for 10 Cycles of 
‘Position Part B in Fizture’’ 


Degrees of Sums of 


Source of Variation Freedom Squares Mean Square F 
Subjects 19 1.72097 0.09058 10.48* 
Rate of Feed 4 0.11199 0.02800 3.24°* 
Time Available 2 0.00345 0.00172 tes 
Residual 274 2.36737 0.00864 

Total 299 4.20378 


*p<0.01; ** p<0.05; *** not significant. Other interactions 
were not significant and were combined in residual. 


TABLE 4 


Analysis of Variance, Channel $; Log of Time for 10 Cycles of 
“Press Disposal Button and Reach to Idle Bar’’ 


Source of Variation ome Squares Mean Square F 
Subjects 19 1.55272 0.08172 14.751* 
Rate of Feed 4 0.23650 0.05913 10 .673* 
Time Available 2 0.00989 0.00494 0.892*** 
Interaction: Sub- 

jects X Rate of 

Feed 76 0.78453 0.01032 1.863** 
Residual 198 1.09680 0.00554 


Total 299 3.68045 


*p<0.01; ** p<0.05; *** not significant. Other interactions 
were not significant and were combined in residual. 


TABLE 5 


Analysis of Variance, cycle time—Channel 4; Log of Time 
for 10 Cycles of ‘‘Work Time Cycle”’ 


of Sums of 


Source of Variation ome Squares Mean Square F 
Subjects 19 0.20856 0.01098 15.123* 
Rate of Feed 4 0.18358 0.04589 63 .209* 
Time Available 2 0.00064 0.00032 0.441*** 
Interaction: Rate 

of Feed X Time ; 

Available 8 0.01390 0.00174 2 .385** 
Residual 266 0.19320 0.00073 

Total 299 0.59987 


*p<0.01; ** p<0.05; *** not significant. Other interactions 
were not significant and were combined in residual. 


measurement which has the reverse relationship, but a 
rather small effect. 

Time available was not significant in any of the meas- 
urements made. While, overall productivity is affected by 
the time available criterion as per Conrad (2) and Hunt 
(3), it is because parts may go by unprocessed and not 
because internal elements or average work cycle times 
are affected. 

For the average work cycle time only, the interaction, 
rate of feed X time available, was significant at the 5 
percent level. Thus, while time available, taken by itself 
was not effective, in combination with rate of feed, short 
times available contribute to reduce average work cycle 
times as imposed cycle times are also reduced. 
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The unpaced condition is plotted as a point in Figure 3 
for each of the four measurements made, connected by a 
dotted line to the associated paced measurements. The 
times observed for the four measurements made for the 
unpaced condition are comparable to the paced conditions 
where the subject was not under heavy pace pressure. 


CONCLUSIONS 


Results of the present experiments indicate that actual 
performance times are not a function of time available, 
but a function of feed rate only. 

The practical conclusion of the Conrad, Hunt, and the 
present experimental studies taken together indicate the 
following design criteria: 


1. Where possible parts should not be fixed rigidly to con- 
veyors. The system should be designed so that banks can build 
up between operations, allowing maximum flexibility to manual 
operations. 

2. Where rigid pacing seems necessary : 

a. Maximum flexibility should be provided by selecting part 
spacing-belt speed combinations which minimize belt speeds. This 
amounts to spacing parts as is consistent with good work methods. 

b. Additional flexibility can be obtained by extending the effec- 
tive time available through the layout design, that is, allowing 
space for operators to walk up and down the line to complete 
work or to intercept parts early. 

c. The designer can expect some compensation by the operator 
to increased belt speeds or feed rates. This response is very small, 
however, being only about 10 percent in cycle time compared to 
unpaced cycle times. This increase in worker pace, however, may 
be counterbalanced, partially or completely, by an increase in the 
number of parts that go by unprocessed. 
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Tue PRINCIPLE of recognizing compound interest in 
establishing the expected profitability of an investment 
has long been recognized (1). The most widely accepted 
measure of profitability is the “internal rate of return on 
investment” (or simply “rate of return”), defined as 
that interest rate which equates the investment stream to 
the stream of cash receipts on the investment.’ It is stated 
explicitly by Equation 6 for the case in which the invest- 
ment stream is concentrated at the start of the investment 
project and interest is compounded annually. For reasons 
familiar to most Industrial Engineers, numerous other 
“definitions” of rate of return exist and are frequently 
employed. Most of these can be viewed as approxima- 
tions to the internal rate of return. 

Given that net income after tax constitutes a vniform 
annual series, standard compound interest factor tables 
can readily be employed to determine the rate of return 
(1), (2). Furthermore, for those who cannot avoid the 
use of an approximation, the error introduced by the ap- 
proximation can often be established (4). Unfortunately, 
in practice net income is not likely to be so cooperative. 
Several factors usually lead one to expect nonuniform in- 
come from an investment. To begin with, even if the 
gross return is expected to be uniform, a nonuniform 
depreciation (that is other than straight-line deprecia- 
tion) will lead to nonuniform income taxes and hence 
nonuniform net income. Expected changes in work load, 
increasing maintenance costs, and uncertainty about re- 
turns in the distant future are typical of factors which 
may generate a nonuniform estimate of gross return. 

The following discussion, which is concerned with some 
of the problems created by nonuniform net income 
streams, is in two parts. The first is an analytical treat- 
ment of the zero salvage value case in which gross return, 
before depreciation and income tax, is a uniform series. 


1 An alternative measure, with perhaps equal claim to valid- 
ity, is the Profitability Index, defined as the ratio of the present 
value of cash returns on investment to the present value of all 
capital to be invested, with discounting based upon the cost of 
capital. For a discussion of the relative merits of these two meth- 
ods, see (3). 
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Rate of Return: A Comparison Between 
Accurate and Approximate Methods 
for the Nonuniform Income Case 


by HOWARD S. KRASNOW 
Staff Assistant for Operations Research, Hamilton Standard Division of United Aircraft Corporation 


The impact of depreciation method on both the internal 
rate of return and on a particular approximate rate of re- 
turn will be evaluated, demonstrating that the impact can 
be far more severe in the latter case. The second part is an 
illustration of the ease with which all such difficulties can 
be eliminated when electronic computational facilities are 
available. 


IMPACT OF DEPRECIATION METHOD ON 
INTERNAL RATE OF RETURN 

Under most circumstances, one is concerned with rate 
of return on investment after tax. Although it is possible 
to think in terms of rate of return before depreciation and 
tax, in which case the rate will be independent of income 
tax rate and depreciation method, this discussion will deal 
only with after-tax return. 

The following symbols and definitions will be used 
throughout: 


P =Capital Investment = Cash committed to a long term 
project at time zero (dollars). 

=A percentage d of the capital 
investment (dollars annually). 

= Expected economic life of the 
investment (years). 

=Gross Sales less all applicable 
expenses except depreciation 
(dollars annually). 


D = Depreciation 
n= Project Life 


R=Gross Return 


Net Income Before 

Tax =Gross Return less depreciation 
dollars annually). 

=A fixed percentage ¢ of Net 
Income Before Tax (dollars an- 
nually). 


T =Income Tax 


Net Income =Net Income Before Tax, less 
Income Tax (dollars annually). 
C =Cash Flow = Gross Return less Income Tax. 
= Net Income plus Depreciation 
(dollars annually). 
t=Internal Rate of 
Return =That interest rate which 


equates the present value of 
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projected cash flow with the 
capital investment, hence rate 
of return after tax (decimal 
percent). 


r=Approximate Rate 
of Return 


= (Defined in next section). 


F = Capital Recovery 1 i(1 + 
Factor 
1 (1+i)"-1 
(1 
From these definitions we have: 
Eq. 1. 


Replacing ¢ by the present maximum Federal Corporate 
Tax Rate of 52 percent 

C = 48R + 52D Eq. la. 
From the viewpoint of an over-all income statement, Eq. 
1. is valid only when R > D, that is when net income before 
tax is positive. However, when viewing an individual in- 
vestment project which contributes only marginally to 
the total income, the relation will hold for negative before- 
tax income (on the project), provided the total net income 
of the firm before tax remains positive. This is assumed 
to be the case. 

The total depreciation over the life of a project is equal 
to the investment, and hence independent of deprecia- 
tion method. However, Eq. 1. shows that depreciation 
method, because depreciation is a tax deductible expense, 
affects the cash flow at any stage of a project. Accelerated 
depreciation has the effect of shifting the over-all cash 
flow toward the earlier years, hence imparting a higher 
present value to the cash flow with a resultant ine: case in 
rate of return. The question to be answered is: “How sig- 
nificant is this increase likely to be, and how can it be 
calculated?” 


RATE OF RETURN UNDER STRAIGHT- 
LINE DEPRECIATION 


Cash Flow C forms a uniform annual series whenever 
gross return does, hence tables of compound interest 
factors may readily be used in this case. Specifically, 

P = 


Eq. 2. 


A derivation of this relation is provided in (1). 
Straight-line depreciation is defined by D = P/n. Substi- 
tuting in Eq. 2. for C, 


Eq. 3. 
The standard tables may readily be used, performing the 


table look-up based on Eq. 2. The implicit assumption has 
now been made that the investment is depreciated over 
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the full life of the project. In practice, this assumption is 
often violated. 

One basis for comparison of contrasting methods is to 
consider limiting values of rate of return as the project 
life becomes very large. In the limit, F approaches 1, 
hence by Eq. 3., 7 approaches .48(R/P), as the last term 
goes to zero. Under no income tax (t=0), 7 approaches 
R/P as expected. 


RATE OF RETURN UNDER SUM-OF-THE- 
YEARS-DIGITS DEPRECIATION 


Let us now compare the preceding results with the ex- 
act determination of rate of return under a method of ac- 
celerated depreciation. Since the solution depends upon 
the particular method used, the sum-of-the-years-digits 
method has been chosen for purposes of illustration.? In 
this approach, the digits corresponding to the number of 
years of depreciation 1 to n are added together. The de- 
preciation rate d in the first year equals n divided by this 
sum; in the second year n is replaced by n—1; in the third 
year by n—2; and so on to the nth year for which d=1 
divided by the sum of the digits. The actual depreciation 
charged in the jth year is therefore: 


n—-jt+l1 


Substituting in Eq. 1a., to evaluate cash flow in the year 
j, we obtain directly 


Pj 


C; = 48R + 52 | — - 
Lk Lk 
k=l 


k=l 
which holds for all 7 provided we again assume that the 
project is depreciated over its full life. 

Depreciation D, and therefore cash flow C no longer 
constitute uniform series, hence Eq. 2. (and therefore 
tables of compound interest factors) cannot readily pro- 
vide an exact determination of rate of return 7. Turning 
to the definition of rate of return, and noting that the 
present worth of an amount C; at the end of 7 years is 
given by 


Eq. 5. 


C; 
(1 
this rate of return is determined by* 
C; C; 


? An alternate approach is demonstrated in (1), Chapter 15. 

3 Eq. 6. is not strictly exact because cash flow is not likely to 
form the discrete annual series pictured here. In addition, certain 
cash flows can create a situation in which a unique solution to this 
equation does not exist. Under most practical circumstances these 
defects are not significant, so that Eq. 6. will be treated as the 
exact determination of rate of return for comparison purposes. 
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| 


+ —— oq. 6. 
( 1 1)” 
Substituting for C; from Eq. 5., and grouping terms, we 

get 


52(n+ 


P = 48R + 
(1 + 12)? 
Lk 
kom 
j 
Kq. 7. 


j=l 1+ i)? 
k=1 


However, 


jal (1 + 1)? 


is precisely the reciprocal of the capital recovery factor 
(1/F). Eq. 7. can therefore be rearranged into the follow- 
ing form 


COMPARISON OF THE TWO SOLUTIONS 
The equation for determining rate of return in the case 
of straight-line depreciation can be rewritten in the form 


R 52 

n 
The right hand side of this equation is identical to the 
first term on the right side of Eq. 7a. Hence, the second 
term represents the difference between the two calcula- 
tions under the two methods of depreciation. By inspec- 
tion, it is seen that this difference term is zero for n=1. 
The value of the term also approaches zero in the limit 
as n— ; hence, in the limit the two solutions are identi- 
cal and 1i=.48(R/P) regardless of depreciation method. 
If this difference term is small for intermediate, practical 
values of n, then a calculation based on the assumption 
of straight-line depreciation (using compound interest 
tables and Eq. 3.) will provide a good approximation to 
the true rate of return when the depreciation method is 
actually sum-of-the-years-digits. 

This, in fact, turns out to be the case, and the accuracy 
of the approximation is illustrated in Figure 1 for selected 
values of the ratio R/P. 

This figure presents the absolute difference expressed in 
percentage points, of the rate of return as calculated by 
Eq. 7a. (for sum-of-the-digits depreciation) compared 
with the rate as calculated by Eq. 3. (assuming straight- 
line depreciation). The difference is always positive, that 


3a. 
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Error in Percertage Points 


40.1 


io 
Life of Project, Years 
Figure 1. Absolute Error of Internal Rate of Return when 
Computation is Based on Straight-Line Depreciation, Given that 
Depreciation is Actually by Sum-of-Digits. Correct Rate of Re- 
turn (Eq. 7a.) = Calculated Rate of Return (Eq. 3.) plus error, 


is the assumption of straight-line depreciation always 
leads to an understatement of the true rate of return, as 
already anticipated. Figure 1 can be used directly to de- 
termine the correct rate of return using the straight-line 
method, although this refinement may not be significant 
due to the small magnitude of the error. It is also worth 
noting that the percentage error decreases for increasing 
values of R/P (and hence rate of return). 

The expectation of either a negative or positive salvage 
value at the end of the project life could significantly 
effect the error shown in Figure |. The analytical formula- 
tion of this case is more complex, and the results would be 
dependent upon the ratio of salvage value to initial in- 
vestment, as well as upon project life. 

NUMERICAL EXAMPLE 


The following example is presented as a means of sum- 
marizing this discussion: 
Let P =Capital Investment = $1000 
R=Gross Return = $400 per year 
t=Tax Rate = 52% 
n= Project Life = Depreciation 
years 
Method of Depreciation =Sum-of-the-years-digits. 


Life = 11 


a. Assume the use of straight-line depreciation 


~ ~"\1000 il 
F = .192 + .047 = .239 Eq. 3. 


Referring to compound interest factor tables, and using 
linear interpolation, we find 121.0% if straight-line de- 
preciation had been used. 

b. Figure 1 shows that the absolute error in this ap- 
proximation for R/P=.4 and n=11 is 1.8%, hence the 
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3.0 

R/P = 0.2 
R/P=0.1 ; 
P 48 n .48 
52F 2 52 
(1 + 2)? n 
Lk 


correct return for sum-of-the-digits depreciation is 


i = 21.0 + 1.8 = 22.8% 


IMPACT OF DEPRECIATION METHOD ON AN 
APPROXIMATE RATE OF RETURN 


The foregoing conclusion may seem to imply that any 
method for approximating rate of return using straight- 
line depreciation will work equally well when applied to 
nonuniform depreciation methods (or at least for the sum- 
of-the-digits method). This is not necessarily the case, and 
significant errors may result from such extensions, as 
demonstrated below. 

A particular, commonly employed method for approxi- 
mating rate of return will be evaluated with respect to 
the true rate of return using both straight-line and sum- 
of-digits dépreciation. We are interested primarily in the 
change in the error of the approximation introduced by a 
change in depreciation method; and secondarily in the 
absolute values of the errors as a measure of the overall 
adequacy of this particular method of *;proximation. It 
is assumed throughout that gross return # forms a uni- 
form series over the life of the project, and that the in- 
vestment is depreciated over this full life. 


ERROR OF APPROXIMATION UNDER 
STRAIGHT-LINE DEPRECIATION 


Consider the calculation 


Average ‘‘cash profit’’ over the life of the project 


r= 


, Average outstanding (that is undepreciated) investment 


Where average ‘‘cash profit’ is defined as 1/n Xcumu- 
lative cash flow in excess of original investment; and 
average outstanding investment equals 

n 


kewl 


(outstanding investment at the end of year k). Obviously, 
ris an attempt to determine an “average” rate of return 
on investment over the life of the project. The outstand- 
ing investment at the end of year k can be expressed as 


2») 


average outstanding investment 


kei 


hence 


Introducing straight-line depreciation for which 


kel 


Eq. 8a. 


Since cash flow is a uniform series, the definition of aver- 
age “cash profit” 


1 
average “‘cash profit” = —-(nC— P) Eq. 9). 
n ‘ 


and the definition of approximate rate of return is: 


nC — P 
p(n 
n 


Substituting for C by Eq. 1la., and using the identity 


R 1 1 
P 2 n n 


Equating this with Eq. 3a. which gives the true rate of 
return, for any given value of R/P, 


r 1 .52 .52 
n 2 n n n 
or 
2 
—— (nF — 1) Eq. lla. 
n—1 


where F is, of course, the capital recovery factor based 
on R/P and Eq. 3.* 

Eq. lla. shows that in the limit, as n— « , r-—+21, which 
is a rather poor approximation. Figure 2 is a graphical 
presentation of this equation expressed in terms of the 
percentage deviation of r from i, for selected values of 1. 
It is seen that the approximation is not an especially good 
one in any range, and becomes extremely poor for very 
short project life, as well as for very long project life. 
“Estimating curves’ which permit ready conversion of 
the approximate value r to the true rate of return 7 can be 
developed. However, these offer no advantage in ease of 
use over the direct determination of 7 and have therefore 


been omitted. 


ERROR OF APPROXIMATION UNDER 
SUM-OF-THE-YEARS-DIGITS DEPRECIATION 


We shall now consider this same approximation 


> kP method when sum-of-the-digits depreciation is employed, 
D; = kD = - 
j=l n ‘If average outstanding investment were defined as one half 
‘ of the initial investment, Eq. 1la. would have been 
Eq. 8. becomes 
2 1 
. r= — (nF ~1)=2(F - —). 
average outstanding investment n n 
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4 
nin + 1 
ad k=l 2 
i 


t 


| 
100 + 


Error as Percent of internal Rate of Return i 


o+ 4 4 
2 6 


Life of Project, Years 


Figure 2. Percent Error of Approximate Rate of Return r 
(Eq. 10.) for Selected Values of the Internal Rate of Return i 
(Eq. 3.) Straight-Line Depreciation. 


to determine whether or not the error is comparable. In 
contrast to the straight-line case, the determination of the 
approximate return r is now a somewhat lengthy calcula- 
tion. The average outstanding investment, multiplied by 
n, is the sum of the outstanding investments at the end 
of each year, hence 


n(average outstanding investment) 
=nP — {nD,+ 


+ [n —(n— 1) |D,,} Kq. 12. 


=nP — (n—j+1)D; 


j=l 


Kq. 12a. 


nP — (n+ 1) DUD; 


j=l j=l 


Kq. 12b. 


Substituting for D; from Eq. 4., and using the identity 


pat 2n + 1 


2, 
k=l 
this reduces to 


(n—1)P 


n(average outstanding investment) = Eq. 12¢. 


The average “cash profit’”’ as defined in the preceding sec- 
tion, is 


l n 
average “‘cash profit”? = ( - P) Kq. 13. 
n 


j=l 


Hence the approximate rate of return is given by 


Eq. 14. 
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Substituting for C; from Eq. 5., and rearranging, 


— = oq. l4a. 
P .48\ 3n n 

Equating this with Eq. 7a. which gives the true rate of 
return, for any given value of R/P, 


j 


Kq. 15a. 
joi (1 + 


COMPARISON OF THE TWO APPROXIMATIONS 


The approximation, as given by Eq. 15a., is extremely 
poor, with the limiting value of r equal to 3 7. While the 
situation is not this bad for practical values of n, Figure 3 
shows an appreciable error over the entire range. A com- 
parison of Figure 3 with Figure 2 reveals that the error of 
the approximation is roughly doubled when it is applied 
to the sum-of-the-digits case. It was demonstrated in the 
preceding section that the internal rate of return changes 
only slightly when the method of depreciation is changed 
from straight-line to sum-of-the-digits. It follows, there- 
fore, that the large increase in error of the approximation, 
under a similar change in depreciation method, is due to 
the process by which the approximation incorporates de- 
preciation. It would obviously be preferable to ignore 
actual depreciation method and arbitrarily assume 


Error os Percent of Internal Rate of Return 


sot 


ite of Project, Years 


Figure 3. Percent Error of Approximate Rate of Return r 
(Eq. 14.) for Selected Values of the Internal Rate of Return i 
(Eq. 7a.) Sum-of-the-Years-Digits Depreciation. 
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200 + 
——r+—=F-— 
3n n n 
or 
3 
r= ——|[ nF — 1.52 
n—1 
= 
| | 
| 300 | 
\ 
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> ¢;-P 2 3 20 30 4 60 70 
j=l 
r= 
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Figure 4. Percent Error of Approximate Rate of Return r, 
Computed with Straight-Line Depreciation (Eq. 10.) for Selected 
Values of the Internal Rate of Return 7 (Eq. 7a.) Sum-of-the- 
Years-Digits Depreciation. 


straight-line depreciation by applying Eq. 10. in all eases. 
Since the approximation errs on the side of overstate- 
ment, and the assumption of straight-line depreciation 
(where accelerated depreciation is being used) tends to 
understate the rate of return, the resulting error is ac- 
tually somewhat less than when Eq. 10. is applied as in- 
tended for straight-line depreciation. This compound 
error is shown in Figure 4. Even in this case, the approxi- 
mation is not consistently good. The procedure suggested 
in the preceding section is certainly preferable, both from 
the viewpoint of ease and accuracy. 

The sensitivity of this approximation to the method of 
depreciation actually employed is an indication of its 
sensitivity to differing cash flow structures. If the ap- 
proximation were to be applied for the purpose of com- 
paring alternative proposals having nonuniform, and 
different, gross returns (even under the same method of 
depreciation) appreciable relative error would be possible. 


THE GENERAL CASE AND A COMPUTER SOLUTION 


The foregoing discussion was concerned with the effect 
of income tax and a particular nonuniform method of de- 
preciation on the determination of rate of return. There 
are, however, numerous other conditions arising in prac- 
tice which might distort or invalidate calculations; condi- 
tions which are probably far more difficult to treat an- 
alytically. A prime example is the departure of gross re- 
turn from a uniform annual series, which can occur for a 
wide variety of reasons. Even if one is satisfied with as- 
suming that gross return is uniform, the depreciation life 
can depart appreciably from the expected project life. 
Yet the assumption of equal lives for these factors is 
implicit in most methods of calculation. Furthermore, 
the assumption of zero salvage value may prove to be 
unreasonable in many practical cases. 

The electronic computer offers an extremely simple and 
economical way out of this entire problem. The increasing 
availability of computers (and in this case they need not 
be large scale) makes this a practical approach for most 
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firms today. The following is a brief description of what 
has been done at the Hamilton Standard Division of 
United Aircraft Corporation. All proposals for Capital 
Investment are now prepared in this manner. 

Operating departments prepare a worksheet to support 
any proposal for capital investment. This worksheet 
yields a year by year estimate of the “gross ,profit”’ 
(Gross Return R) expected from the investment over its 
entire life. Expenses which are a function of outstanding 
investment or gross return, such as depreciation, prop- 
erty taxes, income taxes, or insurance are calculated by 
the computer. Supplementary information describing the 
project and indicating the method and period of deprecia- 
tion completes the computer input. Rate of Return, 
based on Eq. 6., is calculated by a simple, systematic, 
trial and error procedure. The computer output (Figure 
5) provides a document for use directly by management 
in the evaluation phase. A typical case (such as the hy- 
pothetical example shown) requires only a few seconds of 
time on the IBM 705 computer. The effort of calculating 
rate of return, by whatever method, is of course elim- 
inated. Far more important, however, is the ability to de- 
termine rate of return consistently and reliably regardless 
of the special conditions of the project. An important by- 
product is the ability to systematically explore regions of 
uncertainty in the estimates. For example, the sensitivity 
of rate of return to an estimate of equipment utilization 
can be studied to determine the range of utilization re- 
quired for a desired level of profitability. 

The results of one sensitivity analysis are presented in 
Figure 6. This is a case in which an automatic machine 
tool is being considered as a replacement for work cur- 
rently being performed on older equipment. The estimate 
of gross return that will result from the use of the new 
machine depends directly on an. underlying assumption 


PROPOSAL FOR CAPITAL INVESTMENT 


42-10-61 Proposal Date 
Tape Controlled Milling Machine 


Proposal No. 
Title 
Estimated Cost 
Present Worth of Capital Investment 108 725 Dollars 
Expense 0 Dollars 
Project Life 12 Years Depreciation Life 10 Years 
Depreciation Method Sum of the Years Digits 
Year of Initial Investment 1961 
Income Tax Rate 52 Percent Property Tax Rate 


2-15-61 


1.38 Percent 
SUMMARY OF INVESTMENT RESULTS 


26.5 Percent 
3-4 Years 


Net Income = Cash 


Rate of Return on Investment 
Payout Time 


Gross Profit after 


Anniversary Year Expense and before Cash Flow after Taxes Flow Less 
Depreciation Depreciation 
1961 8499. 14359. 5408. 
1962 38772. 27862. 10070. 
1963 64017. 38952. 23137 . 
1964 64236. 38028. 24191. 
1965 64427. 37092. 25231. 
1966 79590. 43343. 33459. 
1967 79727. 42380. 34473. 
1968 79836 . 41405. 35474. 
1969 79918. 40416. 36462. 
1970 39972. 20214 18238. 
1971 40000. 19200. 19200. 
1972 40000. 19200 19200. 
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Fiaurs 6. Sensitivity of Internal Rate of Return to Assumed 
Level of Utilization for A Hypothetical Machine Replacement 
Problem. 


concerning the level of utilization to be experienced. A 
series of estimates were prepared based upon several dif- 
ferent assumptions, and the resulting rate of return is 
plotted as a function of percent utilization. In order to 
achieve a rate of return in the neighborhood of 10%, it 
is apparent that at least two-shift operation will be re- 
quired. A rate of return beyond 18% can be achieved only 
by operating the equipment around the clock. The slope 
of the curve at any point provides a good measure of the 
relative error in computed rate of return corresponding to 
any given error in assumed utilization. Such knowledge 
can be extremely relevant in evaluating alternative in- 
vestment opportunities. 


SUMMARY 


The calculation of rate of return on investment is often 
based on the assumption that net income constitutes a 
uniform series of receipts. Under this assumption, stand- 
ard tables of compound interest factors provide a simple 
method for determining rate of return. 

This assumption has been replaced by assuming that 
gross return, before depreciation and before tax, forms a 
uniform series; and that the investment is depreciated 
over the entire life of the project. Hence, the possibility 
of a nonuniform net income series (where depreciation is 
nonuniform) is introduced. It has been shown that: 

1. If straight-line depreciation is used, standard tables 
may readily be used with the aid of a simple transforma- 
tion on R/P. 

2. If sum-of-the-years-digits depreciation is used, the 
assumption of straight-line depreciation and the applica- 
tion of the above method yields a very close approxima- 
tion to the true return in the zero salvage value case. A 
method for further adjusting this approximation has also 
been demonstrated. 

3. A particular, approximate method of calculation 
has been evaluated with respect to each of the two meth- 
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ods of depreciation. It is concluded that the error of the 
approximation may be influenced considerably by the 
method of depreciation employed, where depreciation 
enters into the approximating calculation. 

The added complexities introduced by relaxing these 
assumptions provide a strong motivation for the use of a 
computer to provide a ,eneral solution. An illustration of 
this approach has been presented. 
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Assembly Line Balancing Using the Ranked 
Positional Weight Technique 


by W. B. HELGESON 


Ix 1954 the assembly line balancing problem was de- 
fined analytically in a paper given limited distribution in 
the General Electric Company (2). Prior to this, there 
were a few unpublished papers, one a masters thesis (1). 
\I. E. Salveson authored the first published paper on as- 
sembly line balancing (5). This generated a great deal of 
interest in the profession. Several papers were published 
and one known computer routine was developed based 
on an approach outlined by James R. Jackson (3), (4), 
(6), (7). This presentation describes another computer 
routine developed for solving the assembly line balancing 
problem. This work was done in 1958 in the Home Laun- 
dry Department of the General Electric Company. The 
routine has been programmed for the Univac series of 
computers. 


ASSEMBLY LINE CHARACTERISTICS 


An assembly line is a moving conveyor that passes a 
series of work stations in a uniform time interval called 
the cycle time. At each work station, work is performed 
on a product either by adding parts or by completing as- 
sembly operations. The work performed at each station 
is usually made up of many bits of work at the “micro” 
level that can be described by motion-time analysis. Con- 
venient groupings of these bits of work are called work 
units. Generally they are groupings that can not be sub- 
divided on the assembly line without paying a penalty in 
extra motions. 

The total work to be performed in an assembly work 
station is equal to the sum of the work units assigned to 
that station. The assembly line balancing problem is one 
of assigning all work units to a series of work stations so 
that each work station has no more work to perform than 
that allowed by the cycle time, and so that the unassigned 
time across all work stations is a minimum. 

The problem is complicated by the relationships 
among work units imposed by product design and process 
technologies. This relationship is called the precedence 
relationship. It is a description of the ordering in which 
work units must be performed in the assembly opera- 
tion. There are four precedence conditions: 
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1. Must precede—One work unit must be performed before an- 


other can be performed. 

2. Must not precede—One work unit must not be performed 
until after another has been performed. 

3. No difference—One work unit can be performed either be- 
fore or after another. 


4. Not together—One work unit must not be performed at the 
same work station as another because of technological limita- 
tions.! 


Naturally, management wants the assembly operation 
to be performed in the most efficient manner possible. 
This means that manpower and equipment must not be 
wasted. Efforts must be made to keep the unassigned or 
idle time required to complete an assembly operation to 
a minimum. 

Two formulations of the problem are possible: 

1. Minimize the number of work stations for a given cycle 


time. 


2. Minimize the cycle time for a given number of work sta- 


tions. 


The first formulation is the easier to solve, but rarely 
gives the best balances. It will be discussed first. The 
second formulation is the preferred formulation, and an 
alternative use of the technique to solve this formulation 
will be discussed. If two or more balances are equivalent 
by either of the above formulations, the preferred balance 
is the one with the most even distribution of work across 
the work stations. 


APPROACHES TO BALANCING 


Methods and time standards people normally attempt 
to solve the assembly line balancing problem manually. 
They use their experience to guide them in assigning 
work units to work stations. If they are not satisfied with 
the balance achieved, they rearrange the work unit as- 
signments in the hope of achieving better results. 

The ideal way to solve the assembly line balancing 


1 This technique as originally programmed handles this con- 
dition as if the ‘‘can’t do’s’’ are on a separate, short, linked line. 
A later program has taken the problem into account using ‘“‘zon- 
ing”’ as is used in the IB M- Westinghouse routine (7). 
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problem is to determine all technologically feasible com- 
binations for assigning work units for a given cycle time, 
and then select that set of combinations with the mini- 
mum unassigned time for each selected number of work 
stations. Generating all technologically feasible combina- 
tions is possible but not practical for most problems be- 
cause of the matrix size, either manually or on the com- 
puter. It is necessary to resort to heuristic procedures that 
produce near optimal solutions in much less time. Such 
near optimal solutions get within a workable range of 
truly optimal solutions economically and can be audited 
by competent technicians for improvement. Our experi- 
ence has indicated that any computer generated balance, 
even one generated by the “all possible combinations” 
approach, can be improved upon by a small percentage 
by competent technicians. 

The approach outlined in this presentation is logically 
simple and requires only one iteration on a computer to 
achieve a solution for each selected cycle time. While the 
method does not guarantee optimal solutions to the 
assembly line balancing problem, experience has shown 
that solutions that are workably close to optimal are al- 
ways achieved. In addition, for a given problem there are 
often a number of equivalent near-optimal solutions, that 
is, the same number of work stations for a given cycle 
time. When this is so, this method will almost always 
select one such solution. 


DATA PREPARATION 


The preferred method of describing the precedence 
relationships that exist among work units on an assembly 
line is the precedence graph because of its high degree of 
visualization of the relationships. The following prece- 
dence graph describes the illustrative problem to be used 
to demonstrate the logic of this technique. 


. 


- 


00 02 08 06 08 09---10 


This precedence graph illustrates that work unit 00 
must be done before work units 02, 05, 06, 07, 08, 09 and 
10. Similarly work unit 07 must be done before work 
units 02, 03, 04, 05, 06, 07, 08, 09, and 10. Either work 
unit 00 or 01 may be done first. In like manner, work unit 
02 can not be done until both work units 00 and 01 have 
been performed. Once work units 00 and 0/ have been 
performed, either work unit 02 or 03 can be selected. 

The ranked positional weight technique requires the 
use of a precedence matrix, an alternative presentation 
method to the precedence graph, to describe the prece- 
dence relationships. In the matrix a “+1” denotes a 
“must precede,” a ‘‘—1’’ denotes a “must not precede,” 
and a “0” denotes a “no difference” relationship. The 
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precedence matrix for this problem follows: 


unit work 01 02 O4 06 O06 OF O08 o9 
time unit 

0.32 00 o oO 1 0 0 1 1 1 1 ‘os 
0.10 01 0 Oo 1 1 1 1 1 1 1 te 
0.20 02 -1 -1 1 1 1 1 
0.23 06 -1 -1 1 1 1 
0.20 06 -1 -1 -1 =1 1 
0.05 o7 -1 -1 -1 0 =1 | 
0.32 08 -1 -1 -1 -1 -1 
0.10 09 —1 -1 -1 -1 -1 -1 -1 #O 1 
0.30 10 —1 -1 -1 -1 -1 -1 -1 -1 -1 O 


The first row of the matrix shows that work unit 00 must 
precede work units 02, 05, 06, 07, 08, 09, and 10. A corh- 
pleted matrix has a logical self checking feature. For 
every “+1” in the matrix (say row 00, column 02), there 
should be a ‘‘—1” in the complementary position (row 
02, column 00). If this is not so, the recorded precedences 
are inconsistent. 

POSITIONAL WEIGHT CALCULATIONS 


The next step in the use of the teehnique is to calculate 
positional weights for each work unit. This is done by 
adding together the time values for the specific work unit 
and all work units that must follow it as defined in the 
precedence matrix. The matrix form of presentation 
makes the calculation very simple for the computer be- 
cause every work unit that must follow the specified work 
unit is identified by a “+1” in the row-column intercept 
of the specified work unit and each following work unit. 
(‘‘—1’s” are ignored in making the positional weight 
calculation.) Thus, for work unit 00, the positional weight 
is calculated as shown: 

work 00 O1 O02 08 O04 056 OF O8 O89 10 


uit 
00 1 1 11 1 11 


work 
time 


positional weight = .32 +.20 +.23 +.20 +.05 +.32+.10 +.30 =1.73 


In a similar fashion, the positional weights are calcu- 
lated for all work units. Then the work units are sorted 
and listed in descending order of positional weights: 


UNSORTED ‘ SORTED 
work positional immediate work positional immediate 
units weights precedence units weights precedence 
00 1.73 00 1.73 
01 1.65 — 01 1.65 
02 1.40 00 02 1.40 00 
03 0.87 01 05 1.20 02 
O4 0.82 03 06 0.92 05 
05 1.20 02 03 0.87 01 
06 0.92 06 O4 0.82 03 
07 0.45 05 08 0.72 O4 06 
08 0.72 04 06 7 0.45 08 
09 0.40 07 08 09 0.40 0? O08 
10 0.30 09 10 0.30 09 


The column called “immediate precedence” merely 
identifies those work units that are sequential immedi- 
ately prior to the given work unit. This column simplifies 
the computer check that assures that no work element 
assignments are made that violate precedence relation- 
ships. 
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ASSIGNMENT RULES 


The next step in the use of the technique is to assign 
work units to work stations. To do this, a cycle time is 
first selected. The assignment of work units is made giv- 
ing first priority to those work units with the highest posi- 
tional weight. The specific assignment rules are: 


1. Select the work unit with the highest positional weight and 
assign it to the first work station. (It is assumed that one would 
not try to balance the line to a cycle time smaller than the time of 
the largest work element on the line, therefore the first assignable 
work unit can always be assigned to an empty work station.) 

2. Calculate the unassigned time for the work station by cal- 
culating the cumulative time of all work units assigned to the sta- 
tion and subtract this sum from the cycle time. 

3. Select the work unit with the next highest positional weight 
and attempt to assign it to the work station after making the fol- 
lowing checks: 

a. Check the list of already assigned work units. If the “im- 
mediate precedent’’ work unit has been assigned, precedence will 
not be violated; proceed to step 3b. If the “immediate precedent” 
has not been assigned proceed to step 4. 

b. Compare the work unit time with the unassigned time. If 
the work unit time is less than the work station unassigned time, 
assign the work unit and recalculate unassigned time. If the work 
unit time is greater than the unassigned time, proceed to step 4). 

4. Continue to select, check, and assign if possible until one 
of two conditions has been met: 

a. All work units have been assigned. 

b. No unassigned work unit remains that can satisfy both the 
precedence requirement and the “less than the unassigned time’’ 
requirement. 

5. Assign the unassigned work unit with the highest positional 
weight to the second work station, and proceed through the pre- 
ceding steps in the same manner. 

6. Continue assigning work units to work stations until all 
work units have been assigned. At that time a solution to the 
assembly line balancing p4oblem will have been found. 


SAMPLE SOLUTION 
Select a cycle time of 1.00 


Assignments to Work Station 1 


An attempt was made to assign 06 to station 1, but its 
work unit time exceeded the unassigned time. Rather 
than indicate all the internal checks, this has merely 
been shown by indicating a cumulative total greater than 
the cycle time. Since work unit 06 had the highest re- 
maining positional weight, it was assigned first to station 
2. 

This solution required two work stations. The cumula- 
tive station time for station 1 was 1.00, a perfect assign- 
ment. The cumulative station time for station 2 was 
0.97, leaving 0.03 unassigned. The unbalance by one 
formulation is (0.03/1.97) X100=1.52%. This formula- 
tion indicates that 1.520% additional work could be as- 
signed to the line if it can be fit in. The alternative un- 
balance calculation is 0.03/2.00) X 100 = 1.5%. This indi- 
cates that the balance utilized 98.5% of the resources 
assigned. Generally, the first formulation is the preferred 
measure since it gives a good indication of the additional 
work that might be possible if it can be found and fit into 
the line. 

In this case, no balance with less unassigned time is 
possible with a cycle time of 1.00 because no work ele- 
ment is smaller than 0.03. In most cases, however, it is 
well. to try to determine if additional output can be ob- 
tained with the same number of work stations. To try 
this, a new problem is formulated with a cycle time of 
0.99. 


Assignments to Work Station 1 


immedi- cumula- unas- 


immedi- 


work Cumula- unas- 

work ale tive signed 
ional unil remarks 

unit weight  Prece- station station 

: dence time time 
00 1.73 0.32 0.32 0.68 assigned 
01 1.65 : 0.10 0.42 0.58 assigned 
02 1.40 00 01 0.20 0.62 0.38 assigned 
06 1.20 02 0.23 0.85 0.15 assigned 

95 rejected >c 

03 0.87 01 0.05 0.90 0.10 assigned 
O4 0.82 03 0.10 1.00 0.00 = assigned 


It is obvious that another 


Assignments to Work Station 2 


work statio 


n must be started. 


posi work 
work tional ate unit Stee signed remarks 
unit  Prece- station station 
g dence time time 
00 1.73 0.32 0.32 0.67 assigned 
01 1.65 — 0.10 0.42 0.57 assigned 
02 1.40 00 =—0.20 0.62 0.37 assigned 
065 1.20 02 0.23 0.85 0.14 = assigned 
03 0.87 01 0.05 0.90 0.09 assigned 
04 06 -0-62- rejected, p 
07 0.45 05 0.05 0.95 0.04 assigned 
7 08 rejected, p 
—10—6-30- 09 rejected, p 
All elements have been tried. 
Assignments to Work Station 2 
immedi- cumula- wunas- 
work tional ate unit tive signed remarks 
unil prece- station station 
tg dence time time 


.  immedi- cumula-  unas- 

work saa! ate work tive signed 
unit rece- tatio tati remarks 

weight time 

dence time time 
06 0.92 05 0.20 0.20 0.80 assigned 
08 0.72 04 06 0.32 0.52 0.48 assigned 
07 0.45 065 0.05 0.57 0.43 assigned 
09 0.40 07 08 = 0.10 0.67 0.33 assigned 
10 0.30 9 0.30 0.97 0.03 assigned 


All work units have been assigned. 


06 0.92 05 0.20 0.20 0.79 assigned 
O04 0.82 01 0.10 0.30 0.69 assigned 
08 0.72 O04 06 0.32 0.62 0.37 assigned 
09 0.40 07 08 0.40 0.72 0.27 assigned 
Assignments to Work Station 3 
 tmmedi- cumula- unas- 
work Post ate work tive signed 
unit prece- station station remarks 
g dence . time time 
0.00 0.99 
10 0.03 09 0.30 0.30 0.69 assigned 


The solution to this problem has three work stations. 


396 The Journal of Industrial Engineering 


Volume Xil - No. 6 


It was not possible to reduce the cycle time from 1.00 to 
0.99 with this technique and still retain only two stations. 


FINDING A MINIMUM CYCLE TIME FOR A 
GIVEN NUMBER OF WORK STATIONS 

arly in our work it was recognized that it would be 
desirable to determine the minimum cycle time for a 
given number of work stations. This is equivalent to de- 
termining the maximum output for a given work force. 
Such a solution can be found on the computer with this 
technique by balancing the assembly line at various cycle 
times over a wide range of cycle times. It should be noted 
that the operationally limiting cycle time is not neces- 
sarily equal to the cycle time originally selected to be pre- 
sented to the computer. The limiting cycle time is the 
cycle time of the station with the largest cumulative 
assigned time for a given problem solution. This may be, 
as in the foregoing example, less than the cycle time 
originally chosen, 0.95 being the limiting station time in 
station 1 versus 0.99 selected. 

Thus, a simple method for finding the minimum cycle 
time for a given number of work stations can be found by 
selecting an arbitrary cycle time, balancing the line and 
deterraining the limiting station time. A second problem 
is then formulated with a cycle time one time increment 
smaller than the limiting station time. Successive itera- 
tions performed in this manner will lead to a minimum 
cycle time for a given number of work stations. This 
method has the advantage of bypassing many “in be- 
tween” cycle times and thus reduces the number of itera- 
tions necessary for a solution. Following the example 
used above, let us now formulate a problem with a cycle 
time of 0.94. Without going into all the detailed steps as 
before, tie following station assignments are obtained: 


Work Station 1 Work Station 3 


cumulative 


Work Station 2 


cumulative cumulative 


time time time 

00 0.32 06 0.20 10 0.30 

01 0.42 O4 0.30 

02 0.62 08 0.62 

05 0.85 07 0.67 

03 0.90 limiting 09 0.77 


Try cycle time =0.89 


Work Station 1 Work Station 3 


00 0.32 06 0.20 10 0.30 
01 0.42 03 0.25 
02 0.62 O4 0.35 
08 0.85 limiting 08 0.67 
07 0.72 
09 0.82 


Try cycle time =0.84 


Work Station 1 Work Station 2 Work Station 3 


00 0.32 05 0.23 09 0.10 
01 0.42 06 0.43 10 0.40 
02 0.62 08 0.75 

03 0.67 07 0.80 limiting 

O4 0.77 


Try cycle time =0.79 


Work Station 1 Work Station 2 Work Station 3 


00 0.32 065 0.23 07 0.05 
01 0.42 06 0.43 09 0.15 
02 0.62 08s 0.75 10 0.45 
03 0.67 

O4 0.77 limiting 
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Try cycle time =0.76 
Work Station 1 


Work Station 2 


Work Station 8 


00 0.32 085 0.23 08 0.32 
01 0.42 06 0.43 09 0.42 
02 0.62 O4 0.53 10 0.72 
03 0.67 07 0.58 limiting 


Try cycle time =0.71 
Work Station 1 Work Station 2 Work Station 3 Work Station 4 


00 0.32 05 0.23 08 0.32 10 =0.30 
01 0.42 06 09 «(0.48 
02 0.62 04 0.53 
03 0.67 
limiting 


Thus the minimum cycle time obtainable using this tech- 
nique for three work stations is 0.72 or about 27% lower 
than the first balance for three work stations of 0.99. In 
a similar manner, the minimum cycle time for successively 
larger numbers of work stations can be found. 

The results of the assembly line balances that were ob- 
tained for this illustrative problem are shown in the 
graphical form, Figure 1. The peaks of the saw tooth 


_ - Two Work Three Work Four Work 
2 a Stations Stations Stations 

20 + 

1.10 1.00 -90 80 -70 -60 
Cycle Time 
FiGcureE 1 


graph indicate the points of maximum output for a given 
number of work stations. When assembly lines are op- 
erated at these cycle times, costs per unit of production 
are lowest on that line. 


AN ALTERNATIVE APPROACH 


The technique just discussed has the ability to find al- 
ternative solutions to the assembly line balancing prob- 
lem. These alternative solutions are not necessarily im- 
provements over the original set of solutions, but the 
alternative set provides a simple and convenient means 
of testing to see whether better solutions are likely to 
exist or not. The alternative set of solutions is calculated 
using the “inverse positional weight.’’ This “inverse 
positional weight”’ is obtained by looking at the assembly 
operation from the end of the line to the start of the line 
rather than the more conventional method of looking at 
the line from the start of the line to the end of the line. 
The precedence matrix illustrated earlier has all the in- 
formation necessary for inverse positional weight calcula- 
tions. The calculations are made by summing the work 
unit time with the work unit times of all work units indi- 
cating a ‘‘+1” in the column of the specified work unit, 
rather than in the row as was done previously. The bal- 
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ances obtained by this method will list work units in the tive tool for examining the characteristics of his assembly 


inverse order to the actual order of performing the work. lines under a variety of conditions. The understanding 
Again using the sample problem, the following calcula- generated will point the way toward better balances, per- 
tions illustrate the method. haps improving upon the computer generated balances, 
were precedenes from iin and also toward more flexible product and facilities design 
5 unit pia column 10 of positional as attempts are mide to reduce technological restrictions 
time matrix veight 


present on the line. This will assure more economical 


0.20 02 I +0.20 
0.05 03 1 +0.05 REFERENCES 
0.10 O4 l +0.10 
0.23 06 l +0.23 (1) Bryron, Bensamin, “Balancing of a Continuous Production 
4 Line,’’ M.S. Thesis, Northwestern University, Evanston, 
0 32 08 1 10 32 Illinois, June, 1954. 
0.10 09 1 +0.10 (2) Hetceson, W. B., Satveson, M. E., Smiru, W. W., 
0.30 10 0 +0.30 “How to Balance an Assembly Line,’’ General Electric 
3 1.97 Company, November, 1954. 
: (3) Heiegson, W. B., ann Kwo, T. T., “Letter to the Editor,” 
Having calculated all other positional weights in a Management Science, Volume 3, Number 1, October 1956. 
similar manner, and having sorted them in descending (4) Jacxson, Jauns R., “A Computing Procedure for a Line 


Balancing Problem,’ Management Science, Volume 2, 
order of positional weight, the following listing is ob- Number 3, April, 1956 

tained: (5) Satveson, M. E., “The Assembly Line Balancing Problem,”’ 


sorted wark inverse positional Semesediate (uperee Transactions of the ASME, Volume 77, Number 6, August, 

units weight precedence 1955. 

; — (6) Toner, Frep M., “A Heuristic Program for Assembly Line 
= on 10 Balancing,’’ The Rand Corporation, P-1993, May 18, 1960. 

P 08 1.52 09 (7) IBM-Westinghouse Assembly Line Balancing Program for 
06 1.05 08 an IBM 650 Computer. 
07 0.90 09 
OS 06 07 
0.62 O48 
00 0.32 02 
O4 0.25 08 
03 0.15 O4 


01 0.10 02 O8 


Try cycle time = 1.00 
Work Station 1 


Work Station 2 


work cumulative work cumulative 


unil station time unil station time 


On 
08 0.92 O4 0.85 
07 0.97 03 0.90 The technicalities involved in modifying our 
present tax classification require the removal of ‘ 
By using the inverse positional weight for work units, a the I.E. Opportunities Service Bulletin from the 
two station balance was again obtained with a cycle time Journal of Industrial Engineering until further no- ' 
of 1.00. This is no improvement over the balance ob- tice. 
tained by using the forward positional weights. However, The AIIE Constitution changes must be ap- 
. the inverse positional weight calculation did generate a proved by the membership and the tax application 
new balance as shown in the detailed sequence of work approved by the Internal Revenue Service before 


unit assignment. The work station content, however, is 


' this service may be made available in the Journal 
identical with that of the first balance obtained in the 


again. 
illustration. The I.E. Opportunities Service Bulletin will con- 
SUMMARY tinue to be published on a monthly schedule for dis- 


tribution to your chapter only. Inquiries from mem- 
bers based on a review of the bulletin will continue 
to be handled by the Institute headquarters. 


The technique discussed in this article presents another 
approach to solving the assembly line balancing problem. 
While it is true that the technique does not guarantee 
optimal solutions, the logic provides for simple and eco- 


J. F. JericHo E. P. LANGE 
: nomical computer manipulation. This makes it possible " 
PRESIDENT EXECUTIVE SECRETARY 


to test many alternative balances in a very short time, 
and gives the methods and time standards man an effec- 


398. Ci« yj The Journal of Industrial Engineering Volume XII - No. 6 


4 
4 
q 
ae 
i 


The Origin and 
Significance of 


Perceptron Theory’ 


by ARTHUR M. GEOFFRION 


Department of Industrial Engineering, 
Cornell University 


Oxr of the greatest mysteries of nature is the princi- 
ple by which the human brain functions. For hundreds 
of years man’s attempt to gain understanding in this 
area has been frustrated to the point of exasperation. 
Within the last few decades, however, it is apparent that 
progress has been made. Many researchers are now com- 
ing to believe that enough is known to permit the de- 
velopment of useful automata based on simplified models 
of the brain. It is the purpose of this article to present an 
appraisal of one of the newest and most promising brain 
models, the perceptron, in its proper perspective to the 
work which has preceded it and to the known properties 
of the brain. 

The significance of perceptron theory to the Industrial 
Engineer stems from the probable future development of 
a new family of versatile automata which might well 
come to play an exceedingly important role in the imple- 
mentation of advanced industrial systems. Furthermore, 
the mathematically inclined reader will devhtlessly find 
perceptron theory a stimulating intellectuai challenge. 


PRELIMINARY CONCEPTS 


In the following discussion, a simplified review of a 
few of the salient features of the brain will prove usefu 
in evaluating the plausibility of various brain models. 

The human brain is composed of about ten billion 
neurons, each of which is a single cell capable of emitting 
an electrochemical impulse when suitably excited. They 
are essentially all-or-nothing devices which fire when 
their threshold is exceeded (that is, the incoming excita- 
tory impulses are sufficiently greater than the inhibitory 
impulses) and are inactive otherwise. There are three 
types of neurons distinguished in the brain: the sensory 
neuron which receives all input messages from the vari- 
ous sensory receptors, the motor neuron which sends out- 
put messages from the central nervous system to glands 


* Based upon a presentation to the graduate seminat in Indus- 
trial Engineering at Cornell University. 
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and muscles, and the internuncial or association neuron 
which is responsible for everything which goes on be- 
tween the input and the output. There are about one 
hundred times as many association neurons as there are 
sensory or motor neurons. Each one receives impulses 
from many other neurons through its input conductors 
and in turn stimulates other neurons through elaborate 
ramifications of its output conductor. The connections 
between nerve cells are known as synapses, which have 
the important property of allowing impulses to pass in 
only one direction. Incoming messages elicited by stimuli 
impinging on the organism are thus greatly amplified and 
spread throughout the brain. 

Since each of the approximately ten billion cells may 
be connected to hundreds or thousands of others, it is 
clearly a hopeless task to enumerate the complete logical 
structure of the brain. Indeed, only the gross organiza- 
tion is known. The input and output mechanisms are 
fairly well described, but the big question still remains 
concerning what goes on between the input and the rather 
amazing output. The immense number of connections 
strongly suggests that not every one is specified geneti- 
cally. Many, if not most of them, are the result of the or- 
ganism’s experience, or are determined by chance subject 
to certain parameters of growth. 

One of the many phenomenal faculties displayed by 
the brain is perceptual generalization, which is the ability 
to recognize members of classes of objects in various 
positions, sizes, shapes, angles, and orientations, even if 
a new configuration is presented for the first time. Con- 
sider the image of a man, for example, and the variety of 
shapes he may assume as he moves. An observer is 
usually able to perceive a “man” no matter what view he 
sees. Clearly, the brain must develop some concept of 
similarity which enables it to perform the generalization 
involved here. In other words, nonidentical stimuli may 
be perceived as belonging to the same class when this is 
justified by the organization of the stimulus world. 

An important concept concerning memory is equipo- 
tentiality, which means that memory and many of the 
higher order functions of the brain appear not to be lo- 
calized in any particular spots, but rather are diffused 
throughout the cerebrum (the upper and frontal part of 
the brain, which is highly developed in man and is con- 
cerned with voluntary and conscious mental processes). 
There appears to be no neuroanatomical evidence for any 
special storage organs used for memory. A remarkable 
experimental fact which illustrates this notion is the abil- 
ity of the brain to withstand the removal or destruction 
of substantial portions of the cerebrum apparently with- 
out serious effect. The harm of extirpation seems to ap- 
pear as a partial across-the-board reduction in memory 
and higher order functions, rather than the loss of par- 
ticular memories or faculties. Somehow the unremoved 
parts are able to take over many of the functions of the 
removed parts. 
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THREE CLASSES OF BRAIN MODELS 

With the previous remarks in mind, one is in a posi- 
tion to review briefly three important classes—not meant 
to be mutually exclusive 


of brain models: physiological, 
symbolic logical, and self-organizing. An understanding 
of them is essential to an appreciation of the background 
from which perceptron theory has arisen. 

Physiological models generally strive to incorporate 
specific physiological and psychological information into 
a qualitative theory. The primary concern is with the 
biological nervous system and its interactions with its 
environment rather than with the development of for- 
mally analogous machines. D. O. Hebb, at McGill Uni- 
versity, is an influential leader of this school, and has set 
forth his views in an important book entitled The Organ- 
ization of Behavior. One of his main tenets is as follows 
(3): 

When an axon of cell A is near enough to excite a cell B and 
repeatedly or persistently takes part in firing it, some growth or 
metabolic change takes places in one or both cells such that A’s 
efficiency, as one of the cells firing B, is increased. 


From this very appealing postulate he proceeded to 
construct a rather complete theory of learning, percep- 
tion and memory. Unfortunately, however, the model is 
verbal and qualitative, and therefore gives no definitive 
description of how a real system could be made to work 
in the manner described. 

Although tending to be preoccupied with neurophysio- 
logical detail, and hampered by a lack of analytical 
mathematical deseription and empirically testable hy- 
potheses, members of this school have furnished many in- 
valuable ideas which have found incorporation in the 
theories of other modelists. Their work has had the im- 
portant effect of assuring a greater degree of biological 
and physiological plausibility in sueceeding models than 
might otherwise have been the case. 

Symbolic logic models have their foundations in 
Turing’s famous paper on computability (13), and the 
ensuing confidence that any computable function can be 
computed by very simple devices. With the advent of 
digital computers and switching theory, many mathe- 
matically inclined researchers were struck with the seem- 
ingly great resemblance of the computer and the brain. 
This resemblance is, of course, a result of the computer’s 
ability to perform a complex series of logical algorithms 
upon symbolic data—an ability hitherto monopolized by 
humans—and also due to the striking similarity of the 
neuron and the basie switching elements of the computer. 

Inevitably, models were proposed which were merely 


logical contrivances designed to perform particular algo- 
rithms in response to sequences of stimuli. These algo- 
rithms were ingeniously devised to imitate certain as- 
pects of the brain’s function. The logical contrivances 
employed were collections of idealized neurons, which 
“or,” and “not” gates. A good ex- 
ample is the McCulloch and Pitts nerve nets (5), which 


amounted to “and 


” 
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were shown to be capable of a wide variety of brain-like 
(the term is used loosely) functions. 

In recent years, interest in this type of model has 
waned on the part of those who prefer not to wander 
very far from the known biological properties of the 
brain. The knell is sounding for this school by a general 
lack of biological plausibility : 

1. Extirpation of any part of such nerve nets would destroy 
their function. 

2. Many more than ten billion neuron-like units would usually 
be necessary to accomplish even modest feats. 

3. The specificity of the connections required would appear to 
violate any reasonable assumption as to the amount of genetic 
information transmitted through heredity. 

4. Symbolic logic models are usually not adaptive enough jor 
general purpose learning and behavior. 


The late John VonNeumann focused his mathematical 
genius on this approach during his last months in a pene- 
trating little book, The Computer and the Brain, pub- 
lished posthumously in 1958. Although a staunch ad- 
vocate that man might some day construct an artificial 
device working on the same principles as the human 
brain, he pointed out that the central nervous system is 
characterized by such low logical and arithmetic depth 
that its mathematics” must structurally be essentially 
different from those (mathematical) languages to which 
our common experience refers.”” He was probably referring 
to computer-oriented mathematics. 

Symbolic logic models are of interest today mainly as 
an approach to the construction of special-purpose ma- 
chines such as character-recognition devices. Although 
they illuminate the logical nature of some of the prob- 
lems associated with the brain’s function, their organiza- 
tion is usually quite remote from that of the real thing. 

Self-organizing or adaptive models represent a reac- 
tion to the determinism of the computer-like symbolic 
logic models. Whereas computers can make decisions 
based on logical rules and may be coupled to systems so 
as to exert control over them, the brain adds at least one 
other important capacity: the ability to interpret and 
learn from its environment. Advocates of self-organizing 
models emphasize that no system with a completely pre- 
determined logic can spontaneously improve its ability to 
perform useful functions. The attempt to build such a 
system usually proceeds along one of two lines: the sys- 
tem’s organization may be allowed to hunt at random or 
systematically through many possible states until a state 
is found which achieves the purpose at hand, or its or- 
ganization may be modified in a methodical way on the 
basis of repeated exposures to its environment in order 
to “learn” to perform some useful task. 

An example of the former approach is Ashby’s homeo- 
stat, which is concerned with the maintenance of a stable 
state within the system, rather than with the representa- 
tion of meaningful information (1). An example of the 
latter approach is Uttley’s conditional probability ma- 
chine, which develops class relationships among stimuli 
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on the basis of the conditional probabilities of their joint 
occurrence during the experience of the system (12). It 
is characteristic of many of the models of this type that 
they are fairly well-defined mathematically, and some 
are more reconcilable with the biological facts of life 
than are the symbolic logic models. 

Dr. Frank Rosenblatt, working first at Cornell Aero- 
nautical Laboratory and now at Cornell University as 
Director of the Cognitive Systems Research Program (all 
the while under O.N.R. sponsorship), has founded what 
is considered by many to be the most promising new 
model of this school of thought, the perceptron. Percep- 
tron theory addresses itself to the problems of learning, 
diserimination, perceptual generalization, and memory. 
Its goai is to specify a biologically plausible and mathe- 
matically rigorous device which will be capable of reor- 
ganizing its own logic after exposure to the logical or- 
ganization which already exists in the universe around it. 
Please note that at no time is any suggestion made that 
the perceptron may think; the author is not willing to 
invite the polemics which would surely follow such an 
ambiguous statement. 


THE SIMPLE PERCEPTRON 

The perceptron is a minimally constrained artificial 
nerve net consisting of logically simplified neural ele- 
ments, called Rosenblatt neurons, arranged in a manner 
organizationally similar to the mammalian visual system. 
Its detailed wiring diagram may be determined essentially 
at random, subject to certain parametric constraints. 
There are many different classes of perceptrons, depend- 
ing on the particular organization and dynamic rules of 
operation specified. A simple and well-understood class 
is the simple perceptron, familiarity with which is es- 
sential to an understanding of the more advanced classes. 


THE ROSENBLATT NEURON 


The Rosenblatt neuron is a device which generates a 
signal of unit value if the algebraic sum of its input 
signals is greater than some arbitrary threshold, called 
§. There may be any number of simultaneous input 
signals, each of which may be positive (excitatory) or 
negative (inhibitory). From these diserete logical ele- 
ments, then, which fire or do not fire according to 
whether or not their threshold is exceeded, one may con- 
struct various classes of perceptrons. 


ORGANIZATION 


The simple perceptron is organized in the seria] man- 
ner indicated in Figure 1. Three kinds of logical elements, 
hereafter called units, are distinguished: S-units (sen- 
sory), A-units (association), and R-units (response). 
The A and R-units are Rosenblatt neurons, and the S- 
units are devices for generating a signal from stimuli 
(for example, photoceils). The stimuli may consist of 
any distribution of energy to which the S-units are sensi- 
tive. Any given set of stimuli defined on a collection of 
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Ficure 1. Organization of a Simple Perceptron. 


S-units is known as the environment. 

The S-units may be thought of as corresponding to the 
retinal projection on the visual cortex (that part of the 
cerebrum which receives topologically preserved images 
from the retina), the A-units to a layer of association 
neurons, an{l the R-unit to a motor neuron in the motor 
cortex (that part of the cerebrum which is responsible 
for initiating muscular movement). 

The connections between the S-units and the A-units 
are random, the only condition being that X excitatory 
and Y inhibitory connections must be made to each A- 
unit. X and Y are therefore design parameters. The ori- 
gins of these connections are usually chosen according to 
a uniform probability mass function over the S-units. 
Note that connections are unidirectional, from S to A and 
A to R in the simple perceptron. Feedback is permitted 
in some of the more advanced classes, but not in this one. 
There is one A to R connection for every A-unit, and all 
A-units have the same threshold 6. Each connection 
takes on a value, which may be thought of as an amplifi- 
cation factor applied to the input signal to the connec- 
tion. The values of the S to A connections are fixed, and 
do not change with time. Without loss of generality, they 
may be considered to be plus or minus one for excitatory 
and inhibitory connections respectively. The values of 
the A to R connections, however, may increase or de- 
crease according to some dynamic training rule, as will 
be discussed later. These values are crucial, for they 
constitute the memory of the system. The memory state 
of the system is said to be the collection of the values of 
all the connections at a particular time. One challenge of 
perceptron design is to devise rules of learning so as to 
eventually give a combination of values such that the 
desired responses (the firing or not firing of the R-unit) 
accompany the showing of the stimuli defined for each 
problem. 


THE EXPERIMENTAL SYSTEM 


The simple perceptron must learn to identify each of 
a given set of stimuli as belonging to some class which 
has been chosen by the investigator arbitrarily or other- 
wise. To achieve this goal, the simple perceptron requires 
a teacher known as the Reinforcement Control System 
(abbreviated RCS) which is not a part of the perceptron 
proper. The function of the RCS is to decide when to re- 
inforce the perceptron by changing the values of its con- 
nections, and hence its,memory state. The RCS may be 
a human being, a computer, or even another well-trained 
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perceptron. It performs this function by monitoring each 
stimulus and the corresponding response of the percep- 
tron, comparing these with a truth table which lists the 
desired responses for each stimulus, and then changing 
the values of the appropriate connections as dictated by 
a particular simple iterative training rule. Training 
might be thought of as rewarding a perceptron when it is 
right, or punishing it when it is wrong. After repeated 
trials the machine will, hopefully, learn its lesson. Fig- 
ure 2 indicates how the experimental system is arranged. 

In evaluating the performance of a simple perceptron, 
a standard learning experiment is customarily used. First, 
the design parameters are chosen—the number of S- 
units, the number and threshold of A-units, the number 
of excitatory and inhibitory connections per A-unit, the 
training rule to be used, the set of stimuli and the desired 
responses thereto. Then the values of all connections are 
set to zero, and the perceptron is shown a training se- 
quence of stimuli, After each showing, the RCS modifies 
the values of the connections in accordance with the 
chosen training rule. Upon completion of the training se- 
quence, the perceptron is shown one or more test stimuli; 
and its ability to correctly identify the classes of these 
stimuli is noted. More training sequences are shown, 
without resetting the values to zero, until perfect per- 
formance is achieved, an asymptotic level is reached, or 
the experimenter decides to terminate the experiment. 
The measure of performance is usually the probability of 
selecting a perceptron with given parameters which will 
correctly identify all of the test stimuli for various num- 
bers of training exposures. Please recall that it is proper 
to speak of probabilities here because once the param- 
eters are chosen, the actual connections and stimuli may 
be chosen at random. 


SOME RESULTS 

There are four general methods of determining the 
operating characteristics of a given perceptron. One may 
give a heuristic argument, conduct a simulation experi- 
ment, build a hardware device, or use rigorous mathe- 
matical analysis. All of these methods have made im- 
portant contributions to perceptron theory. The author 
regrets that space does not permit the inclusion of math- 
ematical proofs of the results given here, and strongly 
urges the interested reader to obtain the necessary refer- 
ences, particularly (2) (4) (9) (10). 

The simple perceptron may be trained to associate an 
arbitrary set of responses with an arbitrary set of stimuli 
if it has enough A-units and a sufficient number of learn- 
ing trials. And if it has seen a large enough representa- 
tive sample of each group of “similar” patterns, covering 
all parts of the retina, it will learn to recognize an arbi- 
trarily positioned stimulus which it has not seen before. 
This generalization is largely limited, however, to stimuli 
which have considerable retinal overlap with members of 
the same class and little overlap with members of the op- 
posite class. 
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Ficure 2. Experimental Systems. with a Simple Perceptron. 


More precisely, it has been rigorously proved (2) that 
a simple perceptron using an error correction reinforce- 
ment rule will always arrive at a solution to a discrim- 
ination problem in finite time, provided only that some 
solution exists and provided that each stimulus in the 
environment recurs in finite time. The error correction 
reinforcement rule dictates that the values of the A to R 
connections not be changed at all if the response is cor- 
rect, but each time the response is wrong then the values 
of the active A to R connections (those which fire upon 
presentation of the stimulus) are incremented by a small 
fixed amount. The inactive connections are left alone. 
Many other reinforcement rules have been explored, but 
error correction is the most efficient one yet known for 
general use. 

This is one of the most important theorems proved to 
date, for it guarantees that a simple reinforcement rule 
is sufficient to enable a randomly connected simple per- 
ceptron to organize itself usefully on the basis of its own 
experience. All it needs to be told, essentially, is whether 
it is right or wrong. 


A MORE ADVANCED PERCEPTRON 

The simple perceptron described presents an excellent 
introduction to the more complex classes of perceptrons, 
whose behavior is frequently much more interesting. The 
basic assumptions and approach remain unchanged, but 
different organizations and rules of operation are ex- 
plored. For example, nearly all of the more advanced 
perceptrons use manv ?-units rather than a single one in 
order that multiple responses may be provided for. The 
four-layer series-coupled perceptron will now be briefly 
introduced to illustrate one kind of behavior which in- 
terests researchers. 

As may be seen in Figure 3, this class of perceptron 
uses two layers of A-units instead of one. The second 
layer is in one-to-one correspondence with the first layer 
of A-units. Whereas the S to AJ and All to R connec- 
tions may be random, each AJ unit is connected to every 
AIT unit. All associators have a common threshold 6. 

Subsequent to the showing of a stimulus, each active 
AI unit sends a signal equal in magnitude to 6 to its 
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Ficure 3. Organization of a Four-Layer 
Series-Coupled Perceptron. 


corresponding AJ7 unit and also a signal vi; to every 
other AI unit. The values of vi; are initially zero, but 
change according to the following rule. If AJ; is acti- 
vated by a stimulus which is the next one to be shown 
after a stimulus which activates AJJ;, then the connec- 
tion v;; is incremented by a fixed amount; otherwise it is 
not incremented. Simultaneously, the other connections 
are decremented by a proportional amount. This rule 
amounts to a facilitation of used connections and the 
decay of unused ones. Note that the experimenter does 
not need to do anything to the perceptron except show 
it the stimuli. No RCS is necessary. 

The four-layer series-coupled perceptron is capable of 
organizing itself upon exposure to an environment which 
is organized with temporal contiguity, and of generaliz- 
ing responses from one stimulus to another. More specifi- 
cally, an experiment may be carried out in which random 
sequences of letters are shown in such a way that each 
letter is more likely to follow itself in the sequence than 
a different letter. Each letter may be shown in different 
positions or in various styles each time it occurs. Such a 
training sequence provides the necessary temporal con- 
tiguity of the environment. After a number of exposures, 
the perceptron will develop a different response to each 
letter in the sequence—one response for the A’s, another 
for the B’s, and so on. Of course, the experimenter can’t 
predetermine the desired responses for each letter unless 


Ficure 4. Overall View of a Mark I Perceptron Looking at a “C”. 
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he reinforces the AlJ to R connections, an action which 
this experiment disallows in order to demonstrate the re- 
markable ability of the perceptron to organize itself 
spontaneously with no outside help (2). 


CURRENT STUDY AND APPLICATIONS 


A great deal of work, much of it consisting of mathe- 
matical analysis complemented by computer simulations, 
is currently under way. Only a few of the active areas 
are mentioned here. 

‘There is continuing interest in the construction of 
hardware perceptrons, which are useful research tools. 
The first and so far the only working perceptron is 
known as Mark I (Figure 4). It consists of 512 A-units, 
8 binary R-units (notice that this multiplicity of R-units 
takes Mark I out of the category of a true simple per- 
ceptron), and 400 S-units. The retina of S-units is a 20 
by 20 array of photocells positioned in the film plane of 
a view camera to which the stimulus pictures are shown. 
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Ficure 5. Mark I Learning Curve for 26 Letters, Each in 
Standard Position, Error Correction Training. 


The values of the A to R connections are changed by 
motor-driven potentiometers, and the origins of the S to 
A connections are drawn from a table of random num- 
bers. Experiments with Mark I have substantiated the 
conclusions previously obtained from analytical work and 
simulation experiments. One particularly interesting re- 
sult, for example, showed that in an E-X discrimination 
experiment removal of half of the A-units reduced per- 
formance from 100 percent to 98 percent, and the re- 
moval of seven-eighths of the A-units reduced accuracy 
to 80 percent. This may be interpreted as concrete evi- 
dence that memory is distributed in the perceptron, thus 
conforming to the observed equipotentiality in man and 
other animals. Another E-X discrimination experiment 
designed to explore the effects of trainer error, in which 
the RCS gave the right corrections only 70 percent of the 
time, revealed that the perceptron was still able to 
achieve perfect or near-perfect performance after about 
20 training exposures per letter. As a final illustration, 
Figure 5 shows that about 15 training exposures to each 
letter were necessary to enable Mark I to identify them 
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all correctly when shown in standard position. 

Construction of a phono-perceptron, Tobermory, (one 
which responds to an audio input) is just beginning. It is 
a speech recognition system whose objective is to be able 
to recognize words spoken by anyone. It will probably use 
about 12,000 A-units in three layers and have a fairly 
limited vocabulary at first. Completion is scheduled for 
a year from now. 

A-units are the object of several study groups. Several 
solid-state and liquid-state devices hold promise of pro- 
viding inexpensive, efficient, compact substitutes for the 
cumbersome electromechanical assemblies used on Mark 

Another interesting study concerns the problem of 
identifying nuclear events in bubble chamber photo- 
graphs. Bubble chambers are devices which allow study 
of the nuclear effects of charged particles. The aim is to 
train a perceptron to pick out certain rare events from 
the thousands of photographs produced by these devices. 


EVALUATION 


It is evident that perceptron theory avoids many of 
the pitfalls of earlier brain models, both as to biological 
plausibility and methodological approach. 


PLAUSIBILITY 


Equipotentiality of memory has been clearly demon- 
strated by the extirpation experiments of Mark I, as was 
noted above. The perceptron is one of the very first 
models, if not the only one, which exhibits this remark- 
able and important accomplishment. 

Perceptual generalization, which is the ability to see 
similarities between nonidentical stimuli, appears to have 
been only partially attained by simple perceptrons, but 
has been impressively demonstrated by the four-layer 
series-coupled perceptron. The former device develops a 
notion of similarity on the basis of spatial contiguity, the 
latter on the basis of temporal contiguity. Since the real 
world exhibits a high degree of spatial and temporal con- 
tiguity, the usefulness of such machines seems assured. 

Learning in the simple perceptron requires the services 
of the Reinforcement Control System. It is legitimate to 
question the plausibility of such a scheme in nature. 
Could it be a teacher whose influence on the values of 
the connections is effected by the stimuli which it im- 
poses on its student? Is it another center or part of the 
brain which assumes this relationship? The concept of a 
teacher is plausible, but the manner of its influence is 
still open to question. Fortunately the absence of a RCS 
for the four-layer perceptron and other advanced classes 
mitigates the importance of this question. 

The amount of information necessary to specify the 
organization of a perceptron is very much less than that 
required to specify a comparable symbolic logie machine, 
even if one with the same capacities for general purpose 
learning could be designed. The reason for this is that 
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there is an immense number of particular logical configu- 
rations which may suffice to do a given task or set of 
tasks. Although it is possible to write a complete logical 
equation for a trained perceptron describing the set of all 
possible states of the system as a logical function of the 
set of all possible inputs, it is vastly more efficient to 
specify only the organization of a nascent perceptron as 
long as that organization will produce a device with the 
desired properties after training. Specification of the 
gross organization and the statistical parametric con- 
straints is well within known limits of the capacity of 
genetic transmission, whereas complete detailed specifi- 
cation may not be. Another consequence of this approach 
is that the model is quite neuro-economical. Numbers of 
A-units required for interesting behavior are typically in 
the thousands. Considering that the human brain uses 
about ten billion neurons, perceptron requirements seem 
reasonable indeed. Furthermore, neither the reliability 
nor the precision of the components is particularly im- 
portant, as is the case with symbolic logic models. It is 
interesting to note how this fact differs from the prob- 
lems of reliability engineering usually found in the design 
of complex systems. 

The Rosenblatt neuron is certainly not a very demand- 
ing simplification of the biologieal neuron. If anything it 
is too simple, and could be made considerably more com- 
plicated without violating known facts. A more impor- 
tant question of plausibility concerns the value functions 
of the connections between neurons. No conclusive evi- 
dence has yet been found which indicates that this as- 
sumption of perceptron theory has a physical embodi- 
ment in the brain, although the circumstantial evidence 
is overwhelming for some such mechanism. Indeed, there 
are many known physical effects which may suffice to 
provide different values for the connections. For example, 
synapses—the terminals through which impulses travel 
from one cell to another—are believed to become more 
efficient with use and less so with inactivity. 


METHODOLOGICAL APPROACH 


The careful consideration of biological facts in the as- 
sumptions of perceptron theory coupled with the use of 
rigorous mathematical analysis has led to a fusion of the 
advantages found in both the physiological models and 
the symbolic logic models. 

For example, perceptron theory is verifiable. Through 
mathematical analysis and computer simulation it is 
relatively easy to find out whether or not a perceptron 
design will do what it is supposed to do. But the ques- 
tion of whether the perceptron does in fact correspond to 
the human brain is not so easy to verify at this time. The 
final answer *s still a long way off. One must be cautioned 
not to conft ‘e a little circumstantial evidence with direct 
proof. 

The idea of a standard learning experiment is an im- 
portant one. It permits the evaluation of different sys- 
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tems by measures of their performance in perceptual dis- 
crimination and generalization after a well-defined train- 
ing period. This approach is radically different from 
hunting for memory traces in the assdéciation units. In- 
stead, the system’s choice of response is the criterion for 
judging whether or not a concept has been formed. 

One of the prices paid for the other advantages of re- 
dundant cell usage is the limitation regarding the pre- 
cision with which a perceptron may be expected to ap- 
proach being right all the time after its training sequence. 
Although the probability of error may in many cases be 
made arbitrarily small by a sufficiently long training se- 
quence and by using a sufficiently large number of asso- 
ciators, in practice one must be willing to accept a finite 
approximation to errer-free performance. But this is 


hardly surprising, since even we humans are not always 
infallible. 


CONCLUSION 


It is evident that developments are still at an em- 
bryonic stage compared with what will be necessary for 
the construction of economical and useful devices. Yet in 
view of the progress which has been made in the past few 
years by perceptron theory, there is every reason to be op- 
timistic about the future. One can easily imagine percep- 
trons scanning military intelligence photos or work sam- 
pling photos, and feeding the resulting data into digital 
or analog computers. Other machines may inspect ma- 
terials and parts in industrial plants and initiate the ap- 
propriate actions. Perceptrons which read handwriting or 
understand the spoken word will make fine data-acquisi- 
tion systems; other sensory modalities will extend their 
usefulness even further. One’s imagination rapidly runs 
rampant among the many possible applications of per- 
ceptron theory, to say nothing of the benefits to be de- 
rived from increased understanding of the human brain. 


Let us hope that our dreams will be realized within a 
reasonable time. 
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amples showing how time data are used to set 
standards either through direct study or through 
the use of elemental standard time data. 


All time data are related to a unit of motion— 
called Basic Motion—which has clear-cut end 
points that may be applied to all body members. 


BASIC MOTION TIMESTUDY. By Gerald B. Bailey 
and Ralph Presgrave, of J. D. Woods & Gordon, Ltd. 
189 pages, 6 x 9, 56 illustrations, $5.00 
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Sampling to 
Determine Price Break 
Advantages in "C" 
Stock Items 


by J. WILLIAM GAVETT 


Department of Industrial and Engineering Administration, 
Cornell University 


Tue APPLICATION of sampling procedures in indus- 
trial accounting has been extended in the past decade as 
an aid in auditing, estimating inventory values, determin- 
ing product demand characteristics, job costing, ete. In 
many cases sampling offers the advantage of obtaining a 
greater scope of information for less cost than is other- 
wise possible. Furthermore, provided the sampling pro- 
cedure is carefully designed and executed, the reliability 
of the estimates obtained may be stated with some 
known precision and confidence. 

The following proposes the use of sampling to obtain 
an estimate of savings resulting from large lot purchas- 
ing of low valued items for stock. The procedure advo- 
cated has been tested in a small firm, resulting in a sav- 
ings from price breaks due to large lot buying of these 
items. 


“C” ITEMS IN STOCK 


It is a fairly well established fact that most inventories 
of purchased materials and supplies can be categorized 
according to the relative contribution of each item to the 
total value of inventory or to the total value of material 
usage during a year. Figure 1 is a familiar expression of 
this classification which says that a relatively small 
number of items, Class A, account for a large propor- 
tion of the usage or inventory value of all items stocked. 


Class B items account for a less significant proportion 


information on the items as well as determining economic 
purchasing quantities and reorder points. 

Under this theory it suggests that there is little payoff 
in examining in detail each of the items included in the 
C classification. Presumably some general policy is set to 
cover most or all C items. Such a policy might state, for 
instance, that all C items are to be purchased in quan- 
tities equal to a quarter year’s supply. Or there may be 
no general policy and each item is purchased in some 
reorder quantity which reflects an initial decision made 
at the time the item was introduced in the plant. The 
implication, in any event, is that it is uneconomical to 
attempt to determine economic purchase lot sizes for 
each of these C items. That is, if there are, say, 1000 
items constituting the C class the determination of price 
breaks and holding costs for each item would appear to 
be a major task for the accountant. 

In spite of their relatively low value there is still a 
basic question concerning possible savings involved in 
giving more than casual attention to these C items. Is 
there some general policy that would result in an eco- 
nomic ordering of these items without reverting to a close 
examination of each item? A sampling plan that might 
shed some light on this question is proposed as follows. 


ECONOMIC PURCHASE QUANTITIES 


The determination of economic ordering quantities 
typically considers a balance between the costs of acquisi- 
tion and the costs of holding an inventory. In many small 
and medium sized plants the critical variables in the de- 
cision are the factors of price break in quantity buying 
on one hand and capital requirements necessary to sup- 
port an inventory on the other hand. The costs of prepar- 
ing purchase orders and the costs associated with physi- 
val storage (space, heat, light, etc.) may be minor com- 
pared to the first two factors. That is, they may be in- 
escapable with respect to the range of variation in quan- 
tities purchased. 


Value 


of value, while Class C items account for the least value 5 
and yet comprise the largest proportion of items in stock. - 
A principle related to this configuration is that the 
amount of control exerted on various stock items should 20+-/ 2 2 
6 
bear some direct relationship to their relative value. Con- , o 
trol includes both the problems of maintaining up to date P | | i . 
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Individuals, chapter officers, institute officers and others are 
invited to become primary reporters and send in interesting high- 
lights on local, national and international events. The principal 
criterion is that the item be current and of general intere st. Sirice 
publication space represents an investment of your funds, please 
help us avoid “wordy stories.” Material can best be handled if 
it is typed and double-spaced. Pictures to accompany these 
notices—or just good pictures with explanatory notes are wel- 
comed. Send the material to Professor Wilson J. Bentley, School 
of Industrial Engineering and Management, Oklahoma State Uni- 
versity, Stillwater, Oklahoma. If you forget this address, send it 
to the Journat office in Atlanta, and I will get it —Eprror. 


AITE GENERAL NEWS 


Since last reported in this section, there have been three new 
chapters officially recognized. They are: Madison, Wisconsin 
(115), Richmond, Virginia (116), and Augusta, Georgia—Aiken, 
South Carolina (117). More are on the way! 


* 


Another reminder that, effective October 2, 1961, AIIE’s office 
will be located in the new United Engineering Center. The address 
and telephone number will be: 

345 East Forty-Seventh Street 
New York 17, New York 
Plaza 2-6800 


* * * 


President Jack F. Jericho has formed and appointed a new 
group which will be called the “President’s Advisory Council.” 
This move was at the suggestion of Morley H. Mathewson, Vice 
President of Professional Services and Planning. The purposes of 
the Council have been developed as follows: 

1. Enable the American Institute of Industrial Engineers to pay 
special honor to a selected group of leaders in Industry, Educa- 
tion, and Government, who were actively engaged in Industrial 
Engineering, or who had, at sometime in the past, been associated 
with the profession 

2. Provide a means of recognizing some of the top Industrial 
Engineers in the country and bring to the Chapters’ attention the 
fact that many leaders in the profession are actively interested in 
the Institute and its affairs. 

3. Provide a service, in an advisory capacity, to the President to 
assist him in establishing some of the long-range objectives of 
ATIE. 

4. Act as a sounding board for the President on some of the 
major prublems currently facing the Institute and our profession. 

5. Perform special tasks for the Institute President as needed. 

These objectives were reviewed with Alex W. Rathe and several 
other leaders closely associated with Industrial Engineering. All of 
them enthusiastically endorsed the idea of a President’s Advisory 
Council. 

The initial meeting was held at an annual dinner at the 1961 
Institute Conference and Convention. At this dinner, it was de- 
cided to review, informally, many of the problems facing the Insti- 


No bh D. ber, 1961 


INSTITUTE 


INTERESTS 


tute, and seek the valued opinion of the group on two or three 
major problems. For example, the need to change the name of 
Industrial Engineering, which has been proposed in a recent Jour- 
nal article and the need for a second AIIE publication, which is 
under study by a task force, were discussed at great length. In 
addition, the question of how the Industrial Engineering profes- 
sion should cope with the problems being created by automation 
was carefully considered. 

The next step in establishing this council was to seek out a 
good cross-section of leaders to serve. With valuable assistance 
from Alex W. Rathe and Morley H. Mathewson, a list of twenty- 
two names were prepared and invitations sent out to these men to 
serve on the President’s Advisory Council for 1961-62. Affirmative 
answers were received from eighteen of the twenty-two invitations. 
Many of those who agreed to serve are well known in the profes- 
sion, and many of the names will not be new to the membership. 
The following people are serving on the President’s Advisory 
Council of the American Institute of Industrial Engineers for 
1961-62: 


Warren E. Alberts, Vice President and Assistant te the Presi- 
dent, United Air Lines, Chicago, Illinois. 

David F. Baker, Professor of Industrial Engineering, Ohio State 
University, Columbus, Ohio. 


Roger R. Crane, Manager of Management Sciences, Touche, 
Ross, Bailey, and Smart, New York City, New York. 


Merrill M. Flood, Professor and Senior Research Mathemati- 
cian, Mental Health Research Institute, University of Michigan, 
Ann Arbor, Michigan. 


Lillian B. Gilbreth, Consultant, Authoress, and one of the out- 
standing leaders in Industrial Engineering, New York City, New 
York. 


Frank F. Groseclose, Head of Industrial Engineering, Georgia 
Institute of Technology, Atlanta, Georgia 


George H. Gustat, Director of Industrial Engineering, Eastman 
Kodak Company, Rochester, New York. 


Frank J. Johnson, Manager of Producibility Design, Lockheed 
Aircraft Corporation, Marietta, Georgia. 


Paul Lehoczky, Head of Industrial Engineering, Ohio State Uni- 
versity, Columbus, Ohio. j 


Robert N. Lehrer, Chairman of Industrial Engineering, North- 
western University, Evanston, Illinois. 


Donald G. Malcolm, Vice President, Operations Research, Incor- 
porated, Santa Monica, California. 


Morley H. Mathewson, Director of Industrial Enginering, Inter- 
national Minerals and Chemical Corporation, Skokie, Lllinois. 


Harold B. Maynard, President, Maynard Research Council, 
Pittsburgh, Pennsylvania. 


John M. Mihalic, Jr., President, Aveo Corporation, Nashville 
Division, Nashville, Tennessee. 


Matthew A. Payne, Manager of Purchasing, Lubrizol Corpora- 
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tion, Cleveland, Ohio 


Alex W. Rathe, Professor, New York University, and Consult- 
ant, Thornwood, New York. 


Edward L. Slagle, Works Manager, Columbia Geneva Steel 
Corporation, Pittsburgh, California. 


Jack L. Watson, Assistant Vice President—Transportation Serv- 
ices, United Air Lines, Denver, Colorado. 


PROFESSIONAL SERVICES AND PLANNING 


MOVE TO NEW UEC BUILDING PLANNED 


American engineering is quartered in its new home, the United 
Engineering Center, a 20-story building on New York’s east side, 
between Forty-Seventh and Forty-Eighth streets facing United 
Nations Plaza. 

The 19 major engineering societies and agencies are tenants of 
the new building. About 650 headquarters personnel were in- 
volved in the shift of the offices of the societies, which have 
a combined membership of more than 300,000 engineers. 

All except two floors, the 15th and 16th, are occupied. These 
will remain vacant for possible expansion of the tenant societies, 
or be available for other societies desiring to move into the new 
structure 

The main entrance to the building is on 47th street, and besides 
an attractive marble-walled lobby, the ground floor has a large 
auditorium with a seating capacity of 450, an exhibit area of over 
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6,000 square feet, and a main lounge. A large cafeteria, together 
with several private dining areas, occupies the lower level. 

The Engineering Societies Library, often called the most com- 
prehensive engineering library in the world, and Engineering Index 
oceupy the second floor and other sub-floor areas for stacks. 
These areas are reached with a special elevator. 

Occupants of other floors are as follows: 

Third floor—United Engineering Trustees, Inc., Engineering 
Foundation, Engineers Joint Council, Society of Women Engi- 
neers, American Institute of Consulting Engineers, Engineers 
Council for Professional Development, Municipal Engineers of 
the City of New York. 

Fourth floor—American Institute of Industrial Engineers, Ameri- 
can Society of Heating, Refrigerating and Air-Conditioning En- 
gineers. 

Fifth, sixth and seventh floors—The American Society of Me- 
chanical Engineers. 

Eighth floor—Welding Research Council, American Welding 
Society. 

Ninth floor—Illuminating Engineering Society, American Insti- 
tute of Electrical Engineers. 

Tenth and eleventh floors—American Institute of Electrical 
Engineers. 

Twelfth floor—American Institute of Chemical Engineers. 

Thirteenth and fourteenth floors—American Institute of Mining, 
Metallurgical and Petroleum Engineers. 

Fifteenth and sixteenth floors—Vacant and unfinished—for fu- 
ture expansion. 

Seventeenth and eighteenth floors—American Society of Civil 
Engineers. 

The nineteenth and twentieth floors will be used for mechanical 
equipment. 

Funds for the $12,000,000 building were raised through a mem- 
ber gifts campaign and from industry. Welded steel framing is 
utilized throughout the building, with exterior walls predominately 
curtain wall construction. Clear glass and blue-tempered spandrel 
glass, divided into rectilinear patterns by stainless steel mullions 
and column sheathing, enclose most of the tower, which houses the 
offices. Two tower corners and a considerable expanse of base 
building wall are faced with limestone. 


NEW EDUCATIONAL DEVELOPMENTS SPURRED 
BY UCLA FELLOWSHIPS 


Dean L. M. K. Boelter of the UCLA College of Engineering has 
announced the creation of a variety of predoctoral and post- 
doctoral fellowships. The fellowships are a part of the Educational 
Development Program (EDP), an organized faculty effort directed 
toward further improvement of UCLA’s unified undergraduate 
program and graduate design and research programs. EDP ac- 
tivities currently include the development of new courses, syllabi, 
teaching materials and a systems study of engineering education 
at UCLA. 

The fellowships are designed to attract graduate students who 
are interested in rapidly progressing toward the doctorate in en- 
gineering. 

Predoctoral fellowships are available up to a maximum of $2,000 
per year plus tuition. Combined postdoctoral fellowships and 
faculty appointments provide a total stipend approximately equal 
to the salary of a beginning faculty member. There are also op- 
portunities for experienced design engineers who are interested 
in a combination of teaching and the further study of the dis- 
cipline of design. 

Inquiries may be directed to William D. McIlvaine, Secretary, 
Educational Development Program, College of Engineering, Uni- 
versity of Califoraia, Los Angeles 24, California. 
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PROFITS ARE NOT ENOUGH 


HENRY L. GANTT’S HERITAGE TO 
INDUSTRIAL ENGINEERING* 


By Avex W. Rarue, Visiting Professor, Graduate School of 
Business, Columbia University and Past President, AIIE 


Today no one doubts that Industrial Engineering is a mainstay 
in progressive management. It has not always been that way. 

Industrial Engineering is perhaps 75 years old. Management is 
as old as mankind; it has been in evidence ever since the popula- 
tion of this earth grew from one to two. It exists--is necessary— 
wherever there is human activity. 

Presently management is recognized as being active in all types 
of human endeavor. The first systematic contributions toward 
making this immense scope of management workable were made 
by engineers around the turn of the century. To paint the full 
panorama of these developments, we need merely mention such 
names as Frederick W. Taylor, the glorious partnership of the 
Gilbreths and Henry Laurence Gantt, whose one-hundredth anni- 
versary of his birth, on May 20, 1861, bestows the distinction upon 
this gathering to be participants in the Gantt Memorial Conference. 

Out of these engineering contributions to management devel- 
oped our branch of the profession, Industrial Engineering. It rep- 
resents the first use of engineering, not on behalf of a firm’s 
products or services, its facilities or structures, but rather in fur- 
therance of its management. 

Like management, Industrial Engineering started with a restric- 
tive scope, namely the production floor, because at its birth date 
around 1900, production activities caused the largest amount of 
managerial problems. Industrial Engineering has expanded its 
concern steadily since then, especially in the last ten or twenty 
years. Like management, it is now at work in all spheres of human 
activity : 

. in mining and manufacturing, 

. in wholesaling and retailing, 

. in transportation, 
.. in hotels, restaurants and entertainment, 
.. in construction, 

. in noncommercial enterprises, 

. in agriculture, 

. in the home, 

. ete. 


More important than the changes in the scope of management 
and of Industrial Engineering are their respective aims. Industrial 
Engineering aims are management’s aims. And it was Henry L. 
Gantt who made one of the finest proposals of what the basic 
essence of these managerial aims should be. He did it with such 
clairvoyant foresight that today, over forty years after his death, 
the objectives he set for all of us, still beckon to many of us as 
a goal for the future. 

In an age where accepted habits of life are swept away more 
speedily than at any other time in recorded history, obsolescence 
of ideas is staggering. Thus persistent pioneering and staying power 
of thought indicates robust health; it forecasts vast benefits for 
the future as well. 

Mr. Gantt’s idea of management aims is as powerful as it is 
simple: Management is a leadership function: its mission is prog- 
ress. 


LEADERSHIP AND PROGRESS 
Leadership is the key to executive success because management 


*In response to widespread reauests, highlights of Dr. Rathe’s 
keynote address to the Twelfth Annual Conference are presented. 
—Epiror. 
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involves the direction of people. Management gets results only 
through the work of others. 

This requires a sizable storehouse of knowledge. Among the 
areas it helps, there are the 

.. developing of objectives, 

. recognizing of obstacles on the road to their fulfillment, 

. devising not just of any way but of the one best way to 
clinch success: (May I respectfully recall the Gilbreths’ mandate 
for a never-endiag quest for the One Best Way, to make the best 
today better still tomorrow. To accomplish this, faith in our own 
creative capacity and in that of our associates must never fail us. 
We know what is good enough now won’t do any more in the fu- 
ture. We can create something better if we set our minds to it. 
We must create something better if we are to mature our engi- 
neering opportunities in management.) 

. harnessing of human and material resources, 

. Measuring and evaluating performance, 

. search for more knowledge. 

Frederick Taylor pioneered the solving of management prob- 
lems in a scientific manner. Mr. Gantt spelled it out this way: 
“Scientific investigation is rapidly putting at our disposal vast 
amounts of knowledge which it is the business of the engineer to 
utilize for the benefit of the community.” This was written in 19/1! 
It explains, in one clear-cut sentence, the relationship between 
science and engineering which puzzles many people still today. 

A few years later, Mr. Gantt elaborated: “The new industrial 
spirit bases action on what can be done, instead of on records of 
what Aas been done or on opinions of what might be done.” At the 
one-hundredth anniversary of the author’s birth, a gradually grow- 
ing roster of testimony reaffirms the soundness of his advice, wit- 
ness the application of the knowledge of 

. Physiology to problems concerning wage incentives or pro- 
tective clothing or operating schedules, 

. Psychology and Sociology in matters of performance meas- 
ures, layout and work assignments, 

. Economics with regard to forecasting, 

. Statistics and Mathematics for a growing number of prob- 
lems. 

Of course, before a man would dare lead other men, many addi- 
tional abilities and gifts and much more experience are required, 
such as 

. sound judgment, 

an extra capacity for making decisions, 

character, 

. initiative and drive, 

. Sensitivity to the reactions, opinions and feelings of others. 

Again the Gantt genius pointed out the road we have to travel: 
“The general policy of the past,” he said, “has been to drive; but 
the era of force must give way to that of knowledge. The policy 
of the future will be to teach and to lead.” In deep respect, the 
American Institute of Industrial Engineers chose this thought 
as the cover statement for its Annual Report this year. 

Leadership in a free society is a means to an end, not an end in 
itself. What is its objective? Mr. Gantt’s suggestion is straight- 
forward: Management must promote progress. 

Rough as competition may have been on some of us just re- 
cently, it will become fiercer still in the future. The days of the 
easy order-taking are over. In a world which has shrunk under 
the rapid advances of transportation and communication, imports 
of products and of ideas into our country are likely to be even 
easier in years to come, On the other hand, exporting our goods 
and our convictions will meet with increasing barriers in other 
nations. We have to run fast in order just to stay even with the 
field. 

Yet can we claim leadership if we just remain where we are? Is 
not the essence of leadership its obligation to be ahead, to move 
ever farther out in front? This means progress—more progress— 
faster progress. Should progress lag, the only alternative would be 
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resignation to a status quo; but that is merely the first step to 
decline and to ultimate oblivion. Conversely, progress means in- 
novation. 

The Supreme Power has given us a mind to think and a heart 
to be conscious of human reaction. Who dares impose man-made 
limitations upon this God-given capacity to create as long as such 
innovations generate economically and socially lucrative results. 

To make progress even one infinitesimal stitch, takes the best 
that has been placed within us. It is most fortunate that to in- 
crease the utilization of this, as of any other, resource, has been 
one of the prime objectives of Industrial Engineering from the first 
day of its existence. 


PROFIT—-LIFEBLOOD OF THE ECONOMY 


To enable Industrial Engineering and thereby management to 
make progress, we are indebted to Mr. Gantt for a richly stocked 
arsenal of managerial techniques and thoughts. As engineers, not 
just as Industrial Engineers, our mind immediately turns to those 
by which we can help improve economic efficiency. This is the way 
Mr. Gantt felt on the subject: “Our main problems are still to till 
the soil to the utmost possibility, to run our idle machines to their 
utmost capacity, and to make producers out of that vast army of 
present-day busy people whose encrgies are wasted in upholding 
an inefficient system.” Can we honestly claim that these problems 
have been solved today, sixty years later? 

The reward for utilizing our resources ever more intensely is 
profit, the economic lifeblood of a free enterprise system. To dis- 
pute the need for profits was utter nonsense to Mr. Gantt as it is 
to us; it seemed to him tantamount to doubting the basic facts 
not only of economic but also of human life 

On the contrary, not to make a profit is a crime because it en- 
dangers the organization. Lack of profit threatens owners and em- 
ployees with the ultimate loss of their investment and their liveli- 
hood. Without a question of a doubt, profit is one of the indicators 
that progress is being made. But to believe that only profits count, 
is wrong. Industrial Engineers and managers owe to Henry L. 
Gantt the recognition that profits are not enough because profits 
are only an economic measure. 


“THE HIGHEST OF DISTINCTIONS IS SERVICE” 


Progress demands additional accomplishments. Without them, 
glittering financial successes are merely misleading milestones; they 
blind us to the destination of the road which leads inevitably to an 
ignominious end 

Even now, more than forty years after Mr. Gantt’s death, we 
are only beginning to understand the full meaning of this com- 
panion which profits need to insure lasting progress. The clue 
seems to lie in the fact that managers and Industrial Engineers are 
always concerned not only with economic success but with social 
results as well. What then is the mark of social achievement? May 
I again refer to Mr. Gantt who suggested that “reward according 
to service rendered, is the only foundation on which industry and 
business can permanently stand. It is a violation of this principle 
which has been made,” he concluded, “the occasion for Socialism, 
for Communism, and for Bolshevism.” 

A characteristic objective for any profession, “service” is a 
newer term in business. But it is an age-old anchor point for such 
basic (enets of our nation as are laid down in the Magna Carta or 
the Declaration of Independence. 

Service contains the obligation to hold, also in business, the 
truths self-evident that “men are endowed by their Creator with 
certain inalienable rights, that to secure these rights, governments 
are instituted.” This magnificent thought applies to business be- 
cause managing certainly has aspects of “governing.” Service en- 
compasses the managerial responsibilities to the individual and to 
the groups who are within management’s orbit—employees and 
owners; customers and vendors; the community, locally, nationally 
and internationally. 
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Service as the keynote of an enterprise is nothing strange in the 
free world. Well over fifty percent of the four and a half million 
businesses in the United States alone are devoted to providing 
service, for instance 

transportation, telephone and other utilities, 
merchandising, 

.. finance, real estate and insurance, 

.. legal and medical, engineering and other professional under- 
takings. 

I do not mean to imply that every single one of these service 
organizations always lives up to its avowed purpose in actual 
operations. Nor do all of those who proclaim profit as their goal; 
there are lots of nonprofit companies who did not intend to be that 
way. 

In recent years we have also seen a substantial growth of real 
nonprofit organizations which did not aim at reaping profits; may I 
merely cite as examples 


hospitals, 

private universities, 

research institutions, 

development companies, 

many other nongovernment enterprises, 
and, of course, government itself. 


We need not delve into any specific company history to sub- 
stantiate the fact that the satisfaction which service brings to 
those who render it, is a widely, perhaps the single most widely 
sought objective of much of human activity. There is not one in- 
dividual who would have difficulty to recall, as one of the most 
gratifying moments in his life, some service 


to friends or complete strangers, 

to his hometown or some other community, 

to older folk, handicapped or sick people, 

to children, be they our own or somebody else’s. 


But in this group assembled here for the Twelfth Annual Con- 
ference and Convention of the American Institute of Industrial 
Engineers, I can point to a much closer example: The voluntary 
service to AIIE members—well over ten thousand of corporate 
grade, several thousands of students, and nearly one thousand of 
noncorporate grade—by over two hundred and fifty Institute 
officers and some twelve hundred or so in chapter positions. 

Shortly before his death in 1919, Mr. Gantt challenged manage- 
ment: “The business system must accept its social responsibility 
and devote itself primarily to service, or the community will ulti- 
mately make the attempt to take it over in order to operate it in 
its own interest.” This was written before the Securities and Ex- 
change Act was drafted and before government regulations of 
utilities had started, before the Taft-Hartley Law was in effect and 
before the idea was propagated that it is up to Washington to 
write a Code of Ethics for Business. 


PROFIT AND SERVICE 


A nation—a company—any organized group is a system. Some 
of its components are economic: raw materials and energy, build- 
ings and machines; others have predominantly social traits such as 
the development and satisfaction of the people in the system. 

These economic and social constituents are interwoven. Many 
failures of the past (and some of the present, too) go straight back 
to the lack of recognition of this fundamental characteristic of a 
system. It was perhaps the absence of what we now call the “sys- 
tems view” which made engineers and managers tackle, too often 
and for much too many years, only one factor at a time, then turn 
to a second, dealing with each separately. When success was 
secured in one aspect, it was hard, if not impossible, to consider its 
consequences upon the others. 

For example, until not so long ago, things were considered under 
control as long as profits were satisfactory; under such circum- 
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stances, little, if any, thought was given to other factors. And if 
profits lagged, any measure which would pull them up, was be- 
lieved proper. It most certainly is—as long as its effect upon other 
aspects of managerial performance is favorable, too. 

Can we perhaps sum up that managerial leadership insures 
progress if its aim is profit and service. We need both, because 
profit without service is thievery, and service without profit is 
charity. Management is neither a member of the National Associa- 
tion of Bandits nor of the American Society of Welfare Agencies. 

Management is leadership. It means being ahead of others but 
also being in a minority because only a few can ever be at the top. 

But what a minority to be a member of! It is that exclusive 
group who has as its distinguishing watchwords: reputation and 
dependability, integrity and courage. It is that select company of 
men and women whose hallmarks are intelligence and fairness, 
honesty and vitality, common sense and vision. It is that force 
whose sound judgment entitles it to make decisions—to stipulate 
when tradition with all its restraints should take precedence or 
when more recent experience ought to prevail. 

The stature of a progressive leader shows itself in nothing more 
clearly than in his humility which has taught him that 

to be boss means to command; 

to command means to serve.’ 


REPORT ON RESEARCH AND DEVELOPMENT 


The Research and Development Organization of the AITE con- 
sists of eleven specialized research directorates and a Research and 
Development committee. This latter committee carries out a num- 
ber of activities through subcommittees. The various specialized 
Directors of Research and their areas of interest are as follows: 


Alan J. Rowe—Data and Information Systems 
A. H. Rubenstein—Organization Research 
Salah Elmaghraby—Production Planning and Control 
W. T. Morris—Engineering Economics 

John M. Allderige—Work Measurement 
Donald Malcolm—Systems Design and Analysis 
R. C. Wilson—Facility Planning 

L. G. Mitten—Applied Mathematics 

R. J. Schreiber—Applied Psychology 

E. V. Krick—Methocs 

George Theuring—Materials Processing 


Each of these individuals is well known in his own specialty 
through his research and writing, and the interest of a group of 
individuals of the competence and reputation represented by these 
men augurs well for the future of Industrial Engineering. 

The project which currently occupies the group of research 
directors and their various committee members is admittedly a 
major undertaking. It is the appraisal of the current state of 
development of each of these specialized areas so important to 
Industrial Engineering practice and the preparation of a report in 
each area indicating the kinds and amounts of research currently 
in process and suggesting avenues of further exploration or devel- 
opment. These suggested research needs can then serve as the basis 
for a better understanding of the future trends and be of consider- 
able assistance in defining those problems which collectively pro- 
vide content, challenge, and concern to Industrial Engineering. 
A number of the individual research directors have already finished 
detailed outlines of their respective areas and are starting to write 
their papers. It is intended to hold a symposium immediately prior 
to the Annual Conference to be held in May at Atlantic City for 
the purpose of resolving differences, exploring interrelationships 
among the areas, and drawing conclusions. An oral report can be 


*Motto of the Societé des Jeunes Patrons, the “Young Presi- 
dents’ Organization” of France. 


N ber-D ber, 1961 


The Journal of Industrial Engineering 


expected at the Conference and publication of the various sections 
of the complete report subsequently 

Among the other activities of the research organization, that of 
collection, classification, and reporting information on research 
projects in the profession is a most important one. An increasing 
number of educational and other institutions as well as industrial 
firms are undertaking research directed toward improvement in 
Industrial Engineering techniques or design methodology. In order 
to avoid duplication of effort and possible resultant waste, it is 
essential that the research workers in the field know as soon as 
possible of accomplishments by others. The Intitute is attempting 
to fill this need through the activities of the Research Information 
Subcommittee of the Research and Development Committee. 
Under the continuing chairmanship of Jay Goldman of Washir2- 
ton University this group has set up procedures vo collect abstracts 
of research reports all over the country, classify these appropri- 
ately, and publish the results so that individuals interested or 
active in such research can learn as soon as possible who has 
worked on a problem and what was accomplished. There have 
appeared in the Journal a number of reports which listed research 
abstracts and provided such information. Study of the earlier sec- 
tions of these reports which included various projects carrying 
back to the war period of the late 1940’s quickly shows that a 
good deal of unproductive and wasteful duplication of activity 
existed which in all likelihood might have been avoided if more , 
information had been available. The increasing amount of In- 
dustrial Engineering research makes such a function all the more 
important. 

At the present time the Research Information Subcommittee 
has two problems with which it is struggling. One of these is the 
common problem of the design of a suitable information classi- 
fication system—one which will meet the needs not only of the 
Journal readers and members of the AIITE who read the series 
of abstracts but one which will also be adaptable to the informa- 
tion retrieval systems which various technical libraries and re- 
search facilities are attempting to develop. The services of vari- 
ous specialists have been sought in the solution of this problem. 

The second problem of concern to the men who are trying to 
provide this very essential service to the professional is the fail- 
ure of many individuals and organizations to provide annually 
the requested abstracts and reporting information. Individual 
members of the Institute and local chapters can be of great as- 
sistance in this activity, by encouraging their own organizations, 
educational institutions, or area institutions to file the requested 
abstracts. Study of the list of abstracts in the January-February, 
1961 or July-August, 1958 issues of the Journal should indicate 
whether a specific organization has taken the trouble to file the 
information desired. If not, the January 1961 issue of the Journal 
tells how to do so. 

Another current activity of a different subcommittee is the 
preparation of a bibliography of published volumes which has 
been requested by the Vice President, Professional Services and 
Planning, Morley Mathewson. This activity is under the direc- 
tion of Martin Sampson of Cornell University. 

In research as well as other activities it is essential from time 
to time to attempt to look into the future in order to direct more 
intelligently the affairs of the Institute. David B. Hertz is making 
such a study and is expected to be in a position to make a report 
in Atlantic City at the time of the next annual conference. It is ex- 
pected that from this report there will result some guidance in the 
shaping of the longer range development of the Institute with 
regard to the research activity. 

The research organization has ever since the initial planning for 
the Atlanta, Georgia Conference assisted in the development of 
a section oi the annual technical program of the Institute by two 
forms of support. One of these has been the provision of a se- 
ries of speakers on topies associated with research and develop- 
ment in Industrial Engineering. Although these series have, on 
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occasion, been billed in the program as “long-hair” and have usu- 
ally beer. held in smaller meeting rooms, their reception has been 
favorable and to many individuals they have provided most of the 
substance of the conference. This activity will continue for the 
Atlantic City Conference in May 1962, and it is expected that 
some challenging and interesting sessions will be included in the 
program. In addition to technical sessions during which invited 
speakers present papers on specified topics, it is the responsibility 
of a truly professional organization to provide an opportunity for 
its membership to report upon their research and results and a 
forum where professionals can meet and debate or describe newly 
unfolding developments. For the last three annual conventions 
such opportunities have been provided by setting up, as a part of 
the conference, sessions at which contributed papers may be pre- 
sented and discussed. A considerable number of the papers thus 
presented have been published in the Journal of Industrial En- 
gineering and received broader circulation than the invited papers 
on the conference program as a result. Research, about which the 
membership might otherwise remain in ignorance for some time, 
has thus been described and its results presented. It is planned to 
continue this practice during the Atlantic City conference, and 
any member who wishes to present a paper at one of the con- 
tributed paper sessions should so inform the Director of Research 
and Development, Andrew Schultz, Jr., at Upson Hall, Cornell 
University, Ithaca, New York. An announcement of these sessions 
will appear in the Journal and members who are aware of work 
or results which they believe would be of interest to the member- 
ship of the Institute can perform a service by calling the oppor- 
tunity to report on such accomplishments to the attention of their 
originators. Some chapters have, in the past, had contributed pa- 
pers sessions as a part of their chapter activities, and papers of high 
quality resulting from such activities furnish another possible 
source of contributed papers. 

Research is a time consuming process which in this modern 
age demands the best intellectual capacity. It is not the sort of 
activity that is carried out by committees or in odd hours off the 
job. As a result, it seems unlikely that the AITE will be in a posi- 
tion to do research itself until a considerable increase in income 
is available to support full-time activity or sponsor specific proj- 
ects in appropriate institutiors. On the other hand, the Institute is 
in a position to influence the course of research in the field by 
the exercise of intellectual and informational leadership. It can 
call upon various individuals of outstanding competence to col- 
lectively define areas of need, appraise results, and publicize or 
criticize research activities. Most research personnel are rewarded 
in part by the acclaim of their peers and a professional organiza- 
tion is in a position to provide this. In the initial years of the 
AITE’s existence, the major objectives of the research activity 
have been the creation of an organization capable of providing the 
desired informationa: and guidance activities. As the Institute 
matures and more funds become available and its reputation de- 
velops to the extent that its influence becomes greater, a new 
look at the research activity is required. If Industrial Engineering 
is to assume its proper place in the space age, it must not merely 
acknowledge the existence of the many new analytical techniques 
and design methods but assume leadership in the application and 
further development of them while continuing to demand and 
support the additional basic developments which are needed. It 
must also assume leadership in pointing out such needs. All of 
this requires a greater familiarity and understanding of the methods 
and substance of research in the field than has existed in the past. 
How best to achieve this orientation of the Institute remains one 
of the major challenges facing the AITE 
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AWARDS 


DWIGHT D. GARDNER SCHOLARSHIP 


Winston C. Lister, a Purdue Uni- 
versity senior, has been awarded 
the 1961-62 Dwight D. Gardner 
Scholarship, it was announced re- 
cently by J. L. Southern, president 
of the Gardner fund. The $750 
scholarship is granted yearly to 
promising Industrial Engineering 
students. 

Mr. Lister has had a 5.66 aver- 


age out of a posible 6.0 while at 
: Purdue, is a student member and 
F corresponding secretary of the Pur- 
due student Chapter of the Ameri- 


can Institute of Industrial Engi- 
neers, a member of engineering 
honorary Alpha Pi Mu, and school 
chairman of the Purdue Chapter of Tau Beta Pi, top Industrial 
Engineering fraternity. 

Lister, a native of Preble, Indiana, graduated from Adams Cen- 
tral High in Monroe (Indiana) and was second in his graduating 
class. His father is postmaster in Preble, Indiana. 

The scholarship was named in honor of Dwight D. Gardner, 
the Institute’s first national president. Until his untimely death in 
1957, Gardner had been vice president of Commercial Motor 
Freight, Inc—Ohio’s largest intrastate motor freight company, 
and one of the top interstate carriers in the nation. 

The scholarship fund is administered by five trustees: J. L. 
Southern, president of the fund, and Industrial Engineer for Com- 
mercial Motor Freight, Inc.; Floyd J. Titler, secretary, of Colum- 
bus; Howard P. Emerson, head of Industrial Engineering Depart- 
ment at University of Tennessee in Knoxville; Everett Laitala, 
Industrial Engineering Department head, Clemson College, Clem- 
son, South Carolina; and the noted industrialist W. F. Rockwell, 
Jr., president of Rockwell Manufacturing Company with head- 
quarters in Pittsburgh, Pennsylvania. 


Winston C. Lister 


SCHOLARSHIP AWARDED 


One of the highlights of the year for Columbus Chapter of the 
American Institute of Industrial Engineers was their annual schol- 
arship award. The award was given this year to Donald J. Gantzer, 
of Columbus, Ohio, who is an Industrial Engineering student at 
the Ohio State University. Shown left to right are: Robert M. 
Wygant, President of the Oklahoma State University Student 
Chapter; Don Worstell, President of the Columbus Chapter; Don- 
ald J. Gantzer, scholarship recipient; and James Shields, Chairman 
of the Scholarships Committee. 
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RECOMMENDED CHANGES OF THE MEMBERSHIP QUAL- 
IFICATIONS PROVISIONS GF THE CONSTITUTION OF 


THE AMERICAN INSTITUTé OF INDUSTRIAL ENGINEERS, 
INC. 


Readers should refer to the President's Article 
on page 431 for further explanation. 


The Institute is constantly endeavoring to strengthen the 
qualifications necessary for membership in the AITE and, at the 
same time is also concerned that all who are qualified, or are 
expected to be qualified, shall have the opportunity to become 
members of the Institute. In order to achieve these objectives 
the Institute Membership Board of Review has recommended 
that’ the following changes and additions to the membership 
qualifications and classifications be adopted and approved by 
the Institute membership. Therefore the following amendments 
to the Constitution are submitted to the membership for approval. 

Article IV—MEMBERSHIP, Sections 1 through 3, shall be 
amended to read as follows (proposed changes are italicized) : 

Section 1. Add the word Senior to Member, so the sentence 
shall be amended to read “Only Senior Members, Fellows and 
Honorary Members (CG) shall be entitled to hold National 
offices.” 

Modify the sentence which now reads: “In addition, there 
shall be Student Members, Affiliates and Honorary Members,” 
to read 

“The noncorporate membership shall consist of Juniors, Affili- 
ates and Honorary Members. In addition, there shall be Student 
Members.” 

Section 2. Definitions of the corporate grades are as follows: 
A. An Associate Member shall be: 

1. A graduate of an Industrial Engineering curriculum ac- 
credited by the Engineers’ Council for Professional Development 
(ECPD), or an engineering curriculum with an option in Indus- 
trial Engineering, both accredited by ECPD or, an engineering 
curriculum accredited by ECPD with a minor in Industria] En- 
gineering, or 

2.A graduate of an engineering curriculum accredited by 
ECPD without Industrial Engineering option or minor, or, a 
graduate of an Industrial Engineering curriculum not accredited 
by ECPD, (in either case) with one year of experience in Indus- 
trial Engineering in three or more categories as defined in para- 
graph II of the Classification Manual, or 

3. A graduate of an engineering curriculum not accredited by 
ECPD with two years of Industrial Engineering experience in 
three or more categories as defined in paragraph JI of the Classifi- 
cation Manual, or 

4. A college graduate with four years of diversified Industrial 
Engineering experience in at least four categories as defined in 
paragraph II of the Classification Manual, or 

5. A person with eight years of diversified Industrial Engineer- 
ing experience in five or more categories as defined in paragraph 
II of the Classification Manual. 

B. A Senior Member shall be: 

1. A Registered Professional Industrial "ngineer who holds, or 
has held since securing his registration, a cesponsible position in 
the Industrial Engineering profession for at least one year, or 

2. A Registered Professional Engineer, who holds, or has held 
since securing his registration, a responsible position in the In- 
dustrial Engineering profession for at least two years, or 

3. A person, who, in addition to fulfilling the requirements for 
Associate Membership, has had five years diversified Industrial 
Engineering experience as defined in paragraph II of the Classifi- 
cation Manual, and has he!4 responsible positions in the profes- 
sion, or 

4. An Associate Member who has had five years of diversified 
Industrial Engineering experience in responsible positions in the 
profession. 


C. A Fellow shall be: 

(This section to be modified by substituting the term “Senior 
Member” for “Member.”) 

D. An Honorary Member shall be: 

(This section to be modified by substituting the term “Senior 
Member” for “Member.”) 

Section 3. Definitions of the noncorporate grades of member- 
ship are as follows: (A new Item A, for the Junior classification, 
to be inserted) 

A. A Junior shall be: 

1. A graduate of an engineering curriculum accredited by 
ECPD (no Industrial Engineering option or minor) actively 
engaged in the field of Industrial Engineering for less than one 
year, or 

2. A graduate of an Industrial Engineering or other engineer- 
ing curriculum, not accredited by ECPD, actively engaged in the 
field of Industrial Engineering, but not meeting qualification for 
Associate Member, or 

3. A college graduate actively engaged in the field of Industrial 
Engineering not meeting the qualifications for Associate Member, 
but with a minimum of two years of Industrial Engineering ex- 
perience in two or more categories as defined in paragraph II of 
the Classification Manual, or 

4. A noncollege graduate, with some or no college training, 
actively engaged in the field of Industrial Engineering not meet- 
ing the qualifications for Associate Member, but with a minimum 
of four years of Industrial Engineering experience in three or 
more categories as defined in paragraph II of the Classification 
Manual. 

B. Affiliates (no change) 
C. Honorary Members (no change) 

Section 4. (New section, replacing old Section 3-A. No change 
in wording). Current Sections 4 and 5 are to be renumbered to 
read Sections 5 and 6. 

In accordance with the above amendments, the balance of the 
Constitution and Bylaws shall be amended where necessary as 
follows: Wherever the term “Member” appears the term “Senior 
Member” shall be substituted. 
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PERSONALITIES 
ROSS HAMMOND 


“pied Ross Hammond of Lubbock, 
Texas, has been appointed director 
of the Rome office of Georgia 
Tech’s Engineering Experiment 
Station’s Industrial Development 
Branch. 

He will assume responsibility 
for the program of recearch and 
technical assistance which IDB is 
providing the Coosa Valley Area 
Planning and Development Com- 
mission 

Hammond comes to Tech after 
eight years as Area Development 
Engineer with Texas Electric Serv- 
ice Company where he was assist- 
ant director of a seventeen-man 
staff. He subsequently served as director of the Industrial Devel- 
opment Department of the Lubbock Chamber of Commerce for a 
year 


Ross HaMMOND 


Research reports by Hammond cover a wide range of technical 
subjects from “Potential Uses for the Brines and Brackish Waters 
of West Texas” to market analyses for industrial prospects to 
long-range employment forecasts for the Texas Electric Service 
Company itself. 

During his tenure with Texas Electric, Hammond served as 
company liaison man and worked closely with Booz-Allen and 
Hamilton, EBASCO Services, and other management and engi- 
neering consultants. His experience covers the entire range of 
activities which will be involved in the Coosa Valley industrial 
development program. 


Hammond's employment will bring to three the number of pro- 
fessional staff members assigned to the Rome office. A fourth pro- 
fessional is expected to be added within 30 to 60 days. 

Work of the field office staff will continue to be coordinated 
with the activities of the main office in Atlanta by Dr. George 


CALENDAR 


November 6-10: Program Evaluation and Review Technique 
Course. Operations Research, Inc., 8605 Cameron Street, Silver 
Spring, Md. 

November 20-24: Program Evaluation and Review Technique 
Course. Operations Research, Inc., 225 Santa Monica Blvd., Santa 
Monica, California. 

December 4-8: Program Evaluation and Review Technique 
Course. Operations Research, Inc., 8605 Cameron Street, Silver 
Spring, Md. 

December 2: 
in Your 
Evanston, 


Chicago Chapter Conference, “How to Advance 
Profession.” Northwestern Technological 
Illinois. Chairman: G. J. Tabern, A. T. 
Company, 135 8. La Salle Street, Chicago 3, Illinois. 

December 2, 3, 4, 5: International Visual Communications Con- 
gress. Biltmore Hotel, Los Angeles, California. 


Institute, 
Kearney 


1967 


February 1-3: Tenth Annual Material Handling Short Course, 
sponsored by the School of Industrial Engineering, Georgia In- 
stitute of Technology. Write: Director, Short Courses and Con- 
ferences, Georgia Institute of Technology, Atlanta 13, Georgia. 
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Whitlatch who has been directing field work since the Rome office 
opened in May. Special capabilities of the more than 30 profes- 
sional persons now employed by Industrial Development Branch 
will be utilized as needed to supplement the work of the field office 
staff. 

In addition to a bachelor’s degree in electrical engineering, 
Hammond holds a master’s degree in Industrial Engineering. He 
is a member of the American Institute of Industrial Engineers, the 
Operations Research Society of America, American Industrial De- 
velopment Council and Southern Industrial Development Council. 


WILLIAM J. VALLETTE 


William J. Vallette has been 
named Manager, Industrial Engi- 
neering of Itek Electro-Products 
Company, a division of Itek Cor- 
poration, according to Samuel P. 
Card, President of the Cambridge, 
Massachusetts, electronics firm. 
Mr. Vallette succeeds F. T. Koen 
who was recently promoted to the 
post of Director of Manufacturing. 

Mr. Vallette joined Special 
Equipments Division of Itek Lab- 
oratories, another division of Itek 
Corporation, in May of 1961 after 
10 years at CBS Electronics as Di- 
rector of Industrial Engineering. 
Previous experience includes a post of Chief Industrial Engineer 
for Hvtron Radio and Electronics Corporation. 

He joined his present firm when major elements of the Special 
Equipment Division were merged with the Itek Electro-Products 
in July. 

Mr. Valletie is a 1943 graduate of Massachusetts Institute of 
Technology, Executive Vice President and member of the Na- 
tional Board of Trustees of the American Institute of Industrial 
Engineers, and a past chairman of the New England Industrial 
Engineering Council. He is a registered profesional engineer and a 
member of the National Society of Professional Engineers. 


J. VALLErTEe 


INTERNATIONAL ACTIVITIES 


Dr. Adam Abruzzi, Professor of Industrial Engineering at Ste- 
vens Institute of Technology spent approximately six weeks in 
Milan, Italy in a consulting-teaching assignment with E.N I. (the 
national Italian Oil Company). Dr. Abruzzi worked principally in 
the fields of operations research, statistical analysis and controls. 
He conferred with other industrial organizations while in Italy, as 
well as, spending “off” hours with Professor Wilson J. Bentley of 
Oklahoma State University (who also was consulting in Italy). 


* * 


R. B. Heath has been appointed a Senior Market Analyst at 
the Head Office of The Consolidated Mining and Smelting Com- 
pany in Montreal. The announcement was made by J. F. M. 
Douglas, Manager of Market Research, and Mr. Heath will take 
up his new post in September. 

He was born in Adelaide, South Australia. He graduated in 
mining engineering there in 1941, and following World War Il 
service with the R.A.A-F., obtained his degree in metallurgical en- 
gineering (also at the University of Adelaide). He joined Cominco 
at Kimberley in 1947. He entered method study work at Trail 
end from 1966 was Supervisor of the Method Study Depariment 

Mr. Heath is a Fellow of the South Australian School of Mines, 
a member of the American Institute of Industrial Engineers and 
a member of the Australasian Institute of Mining and Metallurgy. 
His community service has included Rotary and Chamber of 
Co:nmerce work. 
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A SAMPLING PLAN 


Assume that a firm has an implicit policy of buying 
roughly a quarter year’s supply of items in the C class. 
This policy reflects the desire to avoid “tying up too 
much money in stock.” Some items may be purchased in 
larger or smaller quantities which is a result of isolated 
decisions made at random times. But the point is that 
no one has ever bothered to examine each item sepa- 
rately. Now the question is, what would happen if a 
policy were set to purchase all items at a half year’s sup- 
ply or even larger? 

It would be expected that price breaks would be 
realized in some of the items although the number in- 
volved is unknown. Another advantage would be some 
reduction in clerical work associated with ordering which 
could assume some importance because of the number 
of items in question. 

On the other hand the policy of larger lot buying 
would mean larger holding costs as well as some risks of 
obsolescence, the latter perhaps being minor due to the 
nature of the items which in most cases are not direct to 
the final product. 

The purpose of the sampling plan is to estimate the 
net savings, or loss, that would occur by instituting the 
policy of ordering in larger lot sizes, in this case a half 
year’s supply. Assume that a firm has about 1000 items 
comprising the C group. A sample of 50 of these items 
is selected at random. A table of random numbers can be 
used to select items from a stock ledger file, or, if no such 
file is maintained, to select on the basis of physical lo- 
cation. In any event the process should insure that each 
item making up the group has an equal likelihood of 
being selected. It is assumed that items are chosen with- 
out replacement and that the size of the population is 


large enough so that error due to non-replacement is 
minor. 


The results of the sample are shown in Table 1. 


Column 1—Code number or name of item. 

Column 2—Estimated average annual demand for the item. 

Column 3—(Q;) Quantity ordered under the present policy 
which averages a quarter year’s supply with individual variation. 

Column 4—(P;) Unit price when buying in quantities equal to 
Q:. 

Column 5—(Q:) Quantity to be ordered under new policy 
which is equal to a half year’s supply. 

Column 6—(P:) Unit price when buying in quantities equal to 
Q:. In some cases this reflects a price break while in others no 
price break is possible. 

Column 7—(AP;) Total annual purchase cost of the item under 
present policy. 

Column 8—(AP:) Total annual purchase cost of the item under 
proposed policy. 

Column 9—(Col. 7-Col. 8) Annual savings due to price break. 

Column 10—(Q:P:/2) Average annual investment in inventory 
of the item under the proposed policy. 

Column 11—(Q;P,/2) Average annual investment in inventory 
of the item under the present policy. 

Column 12—(Col. 10-Col. 11) Added investment in inventory 
due to buying in larger quantity. 

Column 13—(Col. 12 x 10%) Added holding cost assuming a 
rate of 10%. 

Column 14—(Col. 9-Col. 13) Net savings or loss for the item. 


For item number 1, the table indicates that the present 
reorder quantity is 12 units. The new policy would sug- 
gest a reorder quantity of 100 units (a half year’s sup- 
ply) and this results in a price break of $.062 per unit or 
$12.40 savings for the year. The investment in inventory 
is based on an average inventory equal to one half the 
reorder quantity. Item number 2 is presently purchased 
at a half year’s supply and has no effect on the new 
policy. Item number 3 is currently being purchased in a 
quarter year’s supply. No price break is realized by 
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TABLE 1 
|A=Annual } | | Savings Ave. Inv't. in Inv. Added Added Net Annual Col. 14 
Item | Demand- Qe | | Col. | Invest mt. Holding | Savings Squared 
Number | Units Units $ Units £ | $ $ Col. 8 Q:Po/2 | QPi/2 Col. 10- Cost Col. 9 X?§ 
Goi, 11 ix(Col.12)| Col. 13 | 
| | | | 
1 200 | 12 | 0.207 100 | 0.145 | 41.40 29.00 | 12.40) 7.25 | 1.24 6.01 0.60 | +11.80 139.24 
2 | 2000 | 1000 | 0.051 | 1000 | 0.051 | 102.00 | 102.00 ; 
\60000 15000 0.007 |30000 0.007 | 420.00 420 .00 105.00 | 52.50 52.50 5.25 — §.25 | 27 .56 
4 | 24 6 | 1.700 12| 1.500} 40.80] 36.00| 4.80; 9.00| 5.10| 3.90| 0.39) + 4.41| 19.45 
5 1000 | 200 | 0.805 500 | 0.765 | 805.00 | 765.00 | 40.00) 191.25 | 80.50 | 110.75 | 11.07 +28.93 | 836.94 
6 (30000 15000 | 0.011 15000 | 0.011 | 330.00 | 330.00 | — 
7 160 25 | 2.200 80 2.000 | 352.00 | 320.00 32.00, 80.00 | 27.50 52.50 5.25 | +26.75 | 715.56 
8 600 100 | 0.351 300 | 0.281 | 210.00 | 168.60 | 41.40) 42.00 | 17.55 | 24.45 | 2.46 | +38.34 | 1469.96 
9 200 100 | 0.294 100 | 0.294 | 58.80 | 58.80 | — | 
10 480 120 | 0.290 240 | 0.290 | 139.20 | 139.20 | — 34.80 | 17.40 17.40 1.74 | — 1.74 | 3.03 
11 144 | 24] 0.470 72 | 0.470 67.68 | 67.68 | 16.92 | 5.64 11.28 1.13 — 1.13 | 1.28 


65 | 


| wo} 23.59 | —16.50 |—1 —12.35 152.52 
48 5000 1000 | 0.080 | 2500 | 0.072 | 400.00 | 360.00 40.00' 90.00 | 40.00 | 50.00 5.00 +35.00 | 1225.00 
49 | 1200} 300 | 0.202 600 | 0.202 242.40 | 242.40 — | 60.60 | 30.30 30.30 3.03 — 3.03 | 9.18 
50 100 20 | 2.500 | 50 2.300 250.00 | 230.00 20 .00| 57 .56 25.00 32.56 3.26 | +16.74 280 .23 

Total $142.20 $4335.16 
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doubling the reorder quantity and therefore the net re- 
sult is a loss due to the increased holding costs. Item 
number 47 is presently purchased at a year’s supply and 
therefore a “negative” price break is incurred by going 
to the new policy resulting in a loss. 

In this example the total net savings for the sample is 
$142 20. The estimated average savings per item is 
$142.20/50 = $2.85. Based upon the sample the total ex- 
pected savings over all of the 1000 items in the C group 
would be 1000 X $2.85 = $2850. 

It should again be pointed out that the estimated sav- 
ings de not reflect certain variables which are affected 
by the decision, namely: 

1. The inventory costs (column 13) do not consider any addi- 
tional storage costs nor obsolescence. These can be implied in a 
higher rate of holding than the 10% used in the example 

2. Order preparation costs are ignored and this factor would 
favor the larger ordering quantity. 

3. The investment in inventory fails to consider the matter of 
buffer or reserve stocks which are considered in setting reordet 
points. Presumably, a larger order quantity would favor a lower 
reserve stock investment due to both the lower purchase price 
and the fact that opportunity for runout of stock is reduced duc 


fewer reorders 


ERROR IN THE ESTIMATE 


The average savings (or loss) does not tell the whole 
story, and it is necessary to reckon with sampling error. 
This error would be expected to be large due to the con- 
siderable variation in the net annual savings of the in- 
dividual items. This error can be estimated in the fol- 
lowing manner. 


Let: 
x=net savings or loss for an individual item of the 
sample (column 14). 
s=estimate of the variance of the population of 1000 


items. 
2)’ 

1 (N)(N — 1) \ 
x? $4355.16 

8,2 — ($2.85)? = — (2.85)? = $78.98 

50 50 
New let: 


s,?= variance of the distribution of averages of samples 
of size 50. 
8,2 78.95 
=— = $1.57 
N 50 
Since the distribution of sample means is assumed to 
be normal the precision of the estimate of savings is 
stated as follows. There is a 5% risk that the average 
savings per item is less than $.78. That is: 
& — 1.65/s;? = $2.85 — 1.65./$1.57 = $.78 
For all items there is a 5% chance that the total sav- 
ings is less than $780. The precision of the estimate can 
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be improved by increasing the sample size if the initial 


small sample yields results which are inconclusive. Since 


the number of items in the C class is likely to be large 
the precision of the estimate is dependent on the abso- 
lute sample size and not upon its relative size to the 
total number of items. 


The value of the sampling procedure might lie in in- 


dicating whether or not it is worth pursuing the idea of 


buying C items in larger lots. If there appears to be a 


significant savings due to price breaks then the likely 


vandidates for price breaks in the C groups might be 
looked at individually at the time of reorder. In this 
sense the sampling procedure merely directs manage- 
ment’s attention to possible savings rather than leading 
to a general policy that applies to all items. 

It should be noted that the previous example assumes 
some existing implicit policy with respect to purchasing 
C items. This need not necessarily be the case and there- 
fore one advantage of the sampling procedure would be 
to establish the nature of the unknown status quo with 
respect to purchasing C items in comparison with some 
stated lot size policy as a bench mark. 


SUMMARY 


A sampling plan is proposed which economically meas- 


‘ures the potential savings due tb price breaks in class 


C items in inventory. Class C items constitute the ma- 
jority of items carried in stock yet contribute a small 
percentage to the total inventory value. Because of their 
large number it is usually uneconomical in clerical time 
and effort to examine each item individually in order to 
determine an economic purchase lot size. The sampling 
plan establishes the nature of the existing purchase policy 
for these items as a group, and then measures the net 
savings (or loms) resulting from a change in policy. The 
effect of price breaks as well as holding costs is evalu- 
ated. 

This is an example of many situations in accounting 
where the cost associated with a detailed examination of 
each item of a population does not justify the precision 
in the results obtained. Examples of situations where 
exact measurement can unduly tax accounting resources 
are: 

1. Taking a physical inventory on C items in stock. Again, 
for the majority carried in stock most of the effort expended on 
physical inventory may result in a small aggregate adjustment to 
the inventory account. 

2. Small customer orders can account for the majority of orders 
received yet comprise a small percent of the total income. An in- 
ordinate amount of accounting effort can be spent in costing and 
pricing these orders. 

3. Auditing of invoices where, again, the file is replete with 
small billings. 

4. The finished goods inventory may contain a large number of 
slow moving items. Attempts may be made to establish economic 
manufacturing lot sizes for each item. 


When exact information about each item of the popu- 
lation is decreed then a counting job of some considera- 
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ble magnitude is involved. From such detailed counting 
the resultant gains in control, savings, or profit, even in 
the aggregate, can be negated in light of opportunities to 
be gained from alternative uses of accounting effort. In 
certain decision making situations the information may 
be desirable but not mandatory. Thus, if the stoic re- 
solve necessary for a massive assault on the details is 


lacking, the decision may well be made without the aid 
of the information. 

It is in situations such as these that there is a “pay- 
off” in statistical sampling which can provide the de- 
sired information at a reasonable cost and with a pre- 
cision that is compatible with the objectives and results. 


The Use of Learning Curve Theory in 
Setting Management Goals 


by JAMES M. WHITE 


STATISTICAL control techniques are being used on 
an increasingly wider scale on industrial management. A 
characteristic feature of these techniques is that it is im- 
possible to determine in advance the controlled state that 
will be achieved eventually. Control, in a statistical sense, 
is achieved when further improvements cannot be made 
and stable conditions exist, although theoretically there 
is no limit to the improvements that can be made. When 
statistical control is achieved, control may or may not 
be satisfactory from management’s point of view, de- 
pending upon the criteria used for determining control 
requirements. Basically, a satisfactory controlled state 
requires a satisfactory level of performance and control 
limits that are not excessively wide. 

If management is interested in improving the per- 
formance of some operational factor, management must 
first analyze the problem and determine what action 
needs to be taken. The use of particular techniques 
rarely, if ever, obviates the necessity of doing this pre- 
liminary work. They may be very effective tools but 
management should always be aware of their limita- 
tions. There is a tendency for managements to expect 
more of these techniques than it was ever intended they 
would accomplish. To take a specific illustration, let it be 
supposed that management believes that wastage losses 
of materials are too high. Even though management be- 
lieves that statistical control techniques may be helpful 
in improving this factor, a careful study of the causes 
of waste and possible ways of eliminating these causes is 
essential for maximizing results from a waste control 
program. 

It is also highly desirable that management prede- 
termine the rate of improvement expected, that is, man- 
agement must set goals as an incentive to accomplish- 
ment. The two processes of analyzing operations and 
setting goals are mutually reinforcing. This presentation 
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is concerned with a technique for setting goals in a situa- 
tion where the expected improvement cannot normally 
be predicted by objective criteria, such as in the case of 
using statistical control concepts as discussed above. The 
suggested technique is to apply learning curve theory 
and methods which were developed initially by the air- 
craft industry. 


LEARNING CURVE THEORY 


Learning curve theory was originally developed from 
empirical studies in the aircraft industry to predict the 
relationship between cost and quantity of production. 
Practice in application has continually improved to the 
point where it is now widely accepted as the most relia- 
ble technique for developing cost estimates. Briefly, the 
theory is that learning, or improvement, continually 
takes place in making custom-built, complicated products 
so that each successive unit costs a little less than its 
predecessor. The generally accepted form of the learning 
curve equation is y = ax’ where, using aircraft industry 
terminology, y is the cost per pound of the zth unit 
produced (x = 1, 2,..., n), a is the cost per pound of 
the first. aircraft made, and b (b <0) is a parameter 
which is dependent upon the type and complexity of a 
particular aircraft. In order to apply the equation, the 
parameters a and b must be estimated (from past ex- 
perience). 

The learning curve equation is such that the loga- 
rithms of x and y are in a linear relationship, given by the 
equation log y = log a + b log x. The relationship has the 
convenient property that every time x doubles, successive 
values of y are a constant multiple (some fraction be- 
tween 0 and 1) of the preceding value. This multiple of y, 
expressed as a percentage, is commonly called the learning 
factor, or the learning curve “slope.” This latter term is 
misleading since it is mathematically illogical—it is 
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neither the slope of y nor of log y. In other words, when 
the “slope” is plotted on log-log paper, it is defined as the 
unit cost at quantity 2x divided by the unit cost at quan- 
tity x, expressed as a percentage. 

Learning curves are often identified by this percentage. 
Thus, an 80 percent curve is one where the second unit 
costs 80 percent as much as the first unit, the fourth 
unit’s cost is 80 percent of the second unit’s, etc. The re- 
lationship between the “slope” and b is given by the 
equation: “slope” = 2”. Thus, for a “slope ’ of 80 percent, 
b 0.322. For the learning curve equaton, it should 
be noted that y approaches zero as x becomes very large. 
These two features, namely, linear logarithmic relation- 
ship’ and zero as the limit of y are sometimes criticized 
but the equation as given continues in almost universal 
use, 


APPLICATION TO WASTE REDUCTION 

Conceptually, it is quite logical to regard the study of 
waste-causing processes as a learning process in which 
we are learning how to reduce and control wastage losses. 
Furthermore, it is commonly believed on intuitive 
grounds that improvements in operations are often made 
at a decreasing rate. Admittedly, there is not much evi- 
dence to support these beliefs. Even if such evidence 
were available it would probably be inconclusive, be- 
vause the making of improvements has often been a 
rather haphazard process whereas learning curve theory 
presupposes an intensive and well-thought improvement 
effort. But the potentialities in the use of learning theory 
as a tool in the study of the management process seem to 
offer some interesting applications. 

The approach to applying learning curve theory in 
setting goals for waste reduction is basically the same 
as its use in the aircraft industry. It is believed that the 
standard learning curve equation can be used to predict 
the rate of reduction in wastage losses. This hypothesis 
must be tested empirically. The parameters to be used 
must be developed from experience. Initial applications 
may be somewhat uncertain but skill should improve as 
experience is accumulated. The problems encountered by 
the aircraft industry in developing this technique were 
overcome and today it is a widely-used and very effec- 
tive tool. The problems in adaptation ought not to pre- 
vent its use for other purposes and by other industries. 

It is quite likely that the learning curve technique will 
have to be modified according to the purpose for which it 
is used. In using it to set goals for improvements in 
waste control, the number of units of output is not a 
practical basis for application. Assuming that the rate 
of output does not fluctuate too widely, we may try time 


* The linear relationship is usually questioned from the point of 
view of goodness of fit. Occasionally someone advocates rounding 
off the first part of the line and/or the last part of the line, or 
changing the parameters for different segments of the line. That 
these modifications improve the model is problematical 
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as an equivalent measure to the number of units of out- 
put. To illustrate, let it be assumed that wastage losses 
are initially about 15 percent. Arbitrarily selecting the 
month as the unit of time and assuming a 90 percent 
learning factor, then reduction in waste should take place 
according to the following schedule. 


Wastage Losses at 


Period End of Period 
1 month 13.5% 

2 months 12.2% 

4 months 10.9% 

8 months 9.8% 

16 months 8.9% 

32 months 8.0% 

64 months 7.2% 


It is obvious that problems in using this technique 
will arise. A few of these are considered in the following 
discussion. One question concerns the timing of the pro- 
gram—‘at what point did the program start?” It is clear 
that a preliminary investigation must be made before the 
decision to institute a program of waste control is made. 
Furthermore, the program is not likely to get underway 
until some time after the decision has been made. This 
suggests that, for the purpose of setting goals, the initia- 
tion of the program should not be considered to have 
started until all preliminary investigations have been 
completed and the program is in full swing. This may be 
several months after the decision to undertake the pro- 
gram has been made. 

Experience has indicated that after a period of steady 
improvement, increasing refinements resulting from 
learning will be made at a decreasing rate. A point will 
eventually be reached at which the value of the im- 
provements obtained will not be worth as much as the 
effort expended in effecting improvements. As yet there 
has been no substantial development to indicate when 
this point is reached in the program. Nevertheless, the 
application of the learning curve technique can achieve 
worthwhile results in management planning. 


CONCLUSIONS 


There has been a singular lack of progress in extending 
the use of learning curve theory outside of the aircraft 
industry. Specific examples of such applications, together 
with an evaluation of their usefulness, are extremely 
hard to find. Managements are slow to adopt new tech- 
niques, particularly in the form of mathematical models. 
It is a truism to say that at present either no targets are 
set for improvements or such targets are only unsub- 
stantiated guesses. It is questionable whether a depart- 
ment executive who is told, arbitrarily, that he must re- 
duce his budget by 25 percent will achieve this reduction 
or, if he is suecessful, whether the net result will be to the 
company’s benefit. 

It does seem reasonable to assume that, lacking realis- 
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tie targets and with insufficient analysis as to how those 
targets are to be achieved, performance will fall short of 
that which is possible of attainment. Thus, in the case 
of the reduction in wastage losses discussed, a more hap- 
hazard process of reducing wastage losses may result in 
a lower learning factor, say 95 percent. The effect of this 
is that wastage losses are down to 10.1 percent at the end 
of 32 months as compared to 8.0 percent associated with 
a 90 percent learning factor. If further work ceased at 
this point, losses (and evsts) would be 25 percent*higher 
with a 95 percent factor than would be the case if the 
learning factor were 90 percent. Furthermore, with such 
a slow rate of progress, there would be the possible 
danger of an early loss of interest in. the program which 
would curtail the improvement still more. 

Other than the example discussed in this article, there 
are many similar situations where learning curve theory 
could be used to predict the expected rate of improve- 
ment. Possible cases could be: reduction in scrap and 
rejects, increase in the yield of a process, decrease in acci- 
dent rates, decrease in unutilized capacity due to poor 
planning and control in the use of resources, reduction in 
the length of the manufacturing cycle, improvement in 


accuracy of cost estimates, reduction in clerical errors, etc. 
In short, the method would generally be applicable in a 
situation where a complex factor of operations is measur- 
able and is initialiy in what would be considered an un- 
controlled state. Although the examples cited are from the 
field of production, it is probable that examples in other 
fields could also be found. 
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Speed Up the Solution to Linear 
Programming Problems 


by F. P. FISHER 


Linear programming has become a valuable aid in 
selecting the most profitable or least costly mode of in- 
dustrial operation. There have been two major difficul- 
ties in applying linear programming techniques: 


1. Formulation of the problem 


2. Performing the lengthy arithmetic calculations 


The abundance of literature published on this subject, 
coupled with experienced personnel, has made possible 
the formulation of most linear programming problems, 
hundred or more variables 
can now be solved in a matter of hours through the use 
of high speed computational equipment. 

It is becoming more apparent however, that there is a 
third and equally important consideration: the optimi- 


and problems involving a 


zation of the linear programming and computational 
techniques. A knowledge of linear programming alone 
is not enough. It is also necessary to be familiar with 
the exact nature of the particular problem and “short- 
cut” linear programming methods in order to obtain the 
most efficient solution. For example, “condensation,” in 
which variables that will not appear in the final solution 
are eliminated from the starting matrix, has long been 
used to speed linear programming solutions. 

This article presents a general review of linear pro- 
gramming which will serve as a background to the dis- 
cussion of “forced inversion,” a linear programming al- 
gorithm that can solve problems in a minimum of com- 
putational time. 

Forced inversion is a very simple modification of 
standard linear programming methods. Aside from the 
speed of solution, it offers additional advantages over 
conventional “simplex” methods (1): 

1. Negative “right hand sides” may be included, and artificial 


variables do not have to be used. This action will reduce the 
size of the problem to be solved 

2. Forced inversion speeds solution by using a simpler trans- 
formation scheme and by reducing the number of total trans- 
formations. For a large ‘problem, this may improve the loss of 
significant digits in the answer, due to. “round-off” error. 

3. There are instances where it is desired to force variables into 
the final solution with no concern for optimality. This may be 
a result of production limitations, competitive situations, etc. Con- 
ventional linear programming methods cannot do this without 
using a dummy cost function. 
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4. “Composite algorithms” (2) are available which allow the 
starting matrix to have an infeasible basis (negative right hand 


sides). However, “cycling” can occur as the composite algorithm 
is attempting to obtain a feasible basis. This is characterized by 
one or more variables continual; going in and out of the basis 
solution with no improvement in the profit function. Since forced 
inversion ignores all criteria for feasibility and proceeds directly 
toward the final solution, no cycling can occur during the use of 
the forced inversion algorithm. However, it must be pointed out 
that if the solution is not complete at this point and the solution 
has to be optimized with other algorithms, cycling can occur. 


If the selection of variables to be in the final basic so- 
lution is accurate, the maximum number of matrix trans- 
formations to reach an optimal solution will be m, the 
number of constraint equations. Usually the number of 
transformations will be less than m, with a total solution 
time only 25-50% of the time utilizing conventional 
linear programming methods. It must be stressed, how- 
ever, that the advantages of forced inversion decrease 
rapidly if the selection of the final basis variables is in- 
accurate. 


LINEAR PROGRAMMING REVIEW 


Linear programming is a method for optimizing a lin- 
sar function f (2,2, * 2,) when the variables 7,2, - + 2 
are subject to a set of linear constraints. Stated mathe- 
matically, values are required which satisfy: 

+ + + Aintn S hi, 


+ + + Gontn bo, 


+ Amote +++ + Amntn Om; Eq. 1. 
where 
z,20 for all 7, Eq. 2. 
and such to make a maximum 
F = + + Eq. 3. 


The numbers a,;, 6;, C; are given constants, and m is the 
number of constraint equations and n is the total number 
of variables. 


Before the method of solution is discussed, certain defi- 
nitions are in order: 

Feasible Solution = A solution that satisfies Eq. 1. 
and Eq. 2. but not necessarily Eq. 3. 
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Maximal Solution 
Eq. 2. and Eq. 3. 


A solution that. satisfies Eq. 1., 


Basic Feasible Solution = A feasible solution with 
not more than m nonzero and positive values of Xj. 
Basic Maximal Solution = A maximal solution with 


not more than m nonzero and positive values of Xj. 

The solution to any linear programming problem can 
only have m values of X;. If the solution has more than 
m positive values Xj, it is always possible to find a solu- 
tion with a fewer positive values XY; which is better or 
as good. 

The “simplex method” for solving linear programming 
problems is to: 

1. Construct a basic feasible solution. 

2. If an optimum has not been reached, replace a basis variable 
with a nonbasis variable and obtain another basic feasible solu- 
tion. 

3. Continue until an optimum is reached. 


The simplex method requires a basic feasible solution 
before the solution can begin. (Other methods, as the 
composite of forced inversion, allow computation to be- 
gin with an infeasible basis.) To construct an initial 
basic feasible solution, we must convert inequalities to 
standard equalities, and construct a “unit basis.” 


CONVERSION OF INEQUALITIES TO 
STANDARD EQUALITIES 


Multiply through by —1 where necessary to 
make all b;>0 4. 
Where b;=0, multiply through by —1 where ne- 
cessary to convert inequalities of the type 
a;;X;>0 into <0 Kq. 5. 
Replace inequalities of the type 
+ +++ + Gintn by the equalities 
+ Aint n + ag = Eq. 6. 
Replace inequalities of the type 
+ +++ + Aint, > 1; by the equalities 
+ — 8; = Kq. 7. 


The additional variables s; take up the “slack” by 
which the inequalities depart from the equalities, and are 
called “slack variables.” They may enter into the final 
solution, but make no contribution to the profit function 
and therefore have cost coefficient, c; = 0. 


CONSTRUCTION OF A UNIT BASIS 


To facilitate the solution of the linear programming 
problem a “unit basis” is constructed. Each equation 
(row) of the matrix must have one variable, with a co- 
efficient of unity, that does not appear in any of the 
other constraint equations. At any stage of the solution, 
the basis variables are equal to the corresponding b,;’s. 
Variables not in the basis have a value of zero. 

There are three ways the unit basis may be formed: 
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1. as,’s in a unit column. Eq. 8. 
2. Each slack variable supplied by Eq. 6. but not by 
Eq. 7. 


3. Artificial variables. 


Eq. 9. 
Eq. 10. 


Artificial variables have no place in the final solution. 
To insure their elimination from the basis, they are as- 
signed large negative cost coefficients. Therefore, the 
functional cannot reach its maximum while any feasible 
solution contains an artificial variable. The use of arti- 
ficial variables to obtain a starting basis will be illus- 
trated in the first example problem. 

With the introduction of standard equalities and the 
unit basis requirements, the linear programming prob- 
lem may now be stated. 


+ + + Ainkn = 
+ + = by 
+ + + = by Eq. 11. 


where matrix of a,; is equal to 
1 0---0 


Forj <m 


0 0 
maximize F = C\X,+ Eq. 12. 
for — b; > 0, X;>0 Kq. 13. 
The basic feasible solution is 
= b; (t < m) 
r, = 0 (t >m) 14. 


INTRODUCTION OF A NONBASIS 
VARIABLE INTO THE BASIS 
The simplex method can best be described with the 
use of a simple example. Consider the maximization of 
F = X, + X, subject to constraints: 
Xi + 2X2<6 
X,—X,>3 
converting to standard equalities. 
Xi + + S; 6 
Xi- Sz = 3 
From Eq. 9., the slack variable, S,, supplies the unit 
basis requirement for the first equation. However, it is 
necessary to add an artificial variable to the second 
equation. The constraints then become: 


X,+ 2X.4+ 8; = § 
X, — X.—S8.2+ A: =3 


Table 1 is the systematic arrangement of this problem 
into matrix form. 

The C;’s and C,’s are the original cost coefficients for 
the basis and nonbasis variables respectively. Notice a 
large negative cost (—10) has been assigned to the arti- 


15. 
Kq. 16. 
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TABLE | 


C; 0 ¢ -10 
X i X 2 S; A 2 b; 


Z,-C; | -Il1l 9 0 10 0 —30 


ficial variable A, 
basis. 


to insure its removal from the final 
s in the last row of the matrix, Z; — Cj, 
are referred to as “shadow prices” and are used to deter- 
mine which variable, if brought into the basis, would 
tend to increase the profit function most significantly. 
For the jth column of the matrix they are calculated 
from the relationship: 


Z,-C; = Cai — C; 


ne eemet 


Notice that the last entry in this row is the current value 
of the profit function, since C; is zero and Z; 
to 


- C; reduces 


i=l i=1 


it can be shown that the profit function will be a maxi- 
mum when there are no more negative Z; 
ble with the most negative Z; 


C’;. The varia- 
C; is brought into the 
basis during each transformation. Referring to Table 1, 
this variable is X,. 

The variable leaving the basis, X;, corresponds to the 
minimum positive ratio b;/aj, for b; > 0 where I is the 
variable entering the basis. For the example problem, 
the ratios are 6/1 and 3/1 for S, and A,, respectively. 
Therefore, A. will be removed from the basis. 

To bring a variable into the basis, it must be trans- 
formed into a unit column with the coefficient of 1 in 
the row corresponding to the variable leaving the basis. 
This is accomplished by simple matrix elimination. Linear 
programming computer codes utilize the following rela- 
tionship to perform the transformation. 


ay = ai 
Ark 


where 
k= variable coming into the basis (pivot column). 
r=variable leaving the basis (pivot row). 

Stated in words: 


1. Divide the pivot row (a,,;’s) by the pivot element (a,x) 
2. Multiply the pivot row by the ais of the row being trans- 


formed. Subtract the pivot row from this row 


3. Continue for all rows of the matrix 


Tables 2, 3, and 4 illustrate the results of the first, sec- 
ond and third transformations, respectively. 
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TABLE 2 


C; Cy 1 1 0 0 —10 0 
| X; As b; 
(Gre) 
Z;-C,;| 0 0 104 5 
T 


TABLE 4 


C; C;- 0 0 0 
| xX, Ss As b, 
0 Se | o 3 
2 1 0 0 6 

Z;-C;| 0 1 1 0 10 6 


The optimum has been reached when there are no more 
negative Z; — C,;. The final solution, Table 4, is: 


P =6 
Se = 3 
Xi = 6 


Si, = 0 


THE COMPOSITE ALGORITHM 


Since most linear programming problems are solved 
by digital computers with a fixed memory size, artifi- 
cial variables decrease the size of the allowable matrix. 
Also, the additional variables increase the computing 
time. A “composite” algorithm will eliminate this prob- 
lem by allowing the constraints to be specified with nega- 
tive right hand sides. If the second constraint (Eq. 16.) 
is multiplied through by —1, the equation becomes: 


—X, + Xo + So = 3 
The slack variable, S,, now supplies the unit basis re- 


quirement for this equation. The new matrix is illus- 
trated in Table 5. 


TABLE 5 


| xX, xX, b; 
0 Ss 0 —3 

Z,-C;| -1 0 0 0 


In case of a tie for the pivot column (identical Z; — 
C,’s), the simplex procedure usually selects the first of 
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0 S; 1 2 l 0 0 6 0 0 3 l 1 —1 3 <4a,;’8 
(Gre) 
—10 As 1 0 | 1 3 <a,;’8 0 1 3 
| | Aix’ 
| 
wd 
| 


the subject columns. However, in a composite algorithm, 
it is necessary to have a different criterion for selecting 
the variable to enter the basis since both optimality and 
feasibility must be considered. All nonbasie vectors (col- 
umns) of the matrix become potential pivot columns be- 
cause consideration of the shadow price alone is not 
enough to insure that the transformation will move to- 
ward feasibility. One technique is to calculate a “pseude 
shadow price” as follows: 

pseudo shadow price 

= (Z; — C;)(Scale Factor) 
+ a,;’s in this column for all rows with negative 5,’s. 

A small scale factor tends to select the column with 
the largest number of negative a;,;’s. These negative num- 
bers are forced toward zero when unit column is formed, 
which will add positive quantities to the b;’s. As soon as 
all b;’s become positive, a “straight simplex” method is 
utilized to complete the optimization. 

Assuming a scale factor of .01, the pseudo shadow 
price for the example problem becomes: 


j3=1, psp = (—1)(.01) + —1 = — 1.01 
j=2, psp = (—1)(.01) +1 = 0.99 
Therefore X, will enter the basis. The variable to 
leave the basis is selected in an identical manner to the 
“straight simplex” algorithm 


II 


i=1,  bi/aik = 6/1 =6 


2. bi/jatk = —3/-1=3 
Variable S, will leave the basis. Even though S, has 
the minimum positive ratio it could not be selected as the 


pivot row because of the negative bj. 


Read an ID/cost 
element from 
forced inversion 
directory 


on-zero digit 


Halt 0001 


Add digit 9 to 
ID/cost and N 
store in basis 


Have 
all ID/costs 
en read 


Add digit 9 to 
ID/cost and 
store in non- 
basis 
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Ficure 1. Identification of Final Basis Variables. 
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basis ID/cost Through 

and save this 
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Save location Punch 
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ID/cost summary 


Step basis non- 

ID/cost and 
e locati 

ID/cost 


ITERATE 


Iterate using 
max. as 
pivot element 


Store new 
max. 


Ficure 2. Forced Inversion. 
After one transformation, Table 6, the problem is op- 


timized, as contrasted with three transformations for the 
straight simplex method. 


TABLE 6 

C: Cj 1 1 0 0 0 
Xi Xe Se b; 
. 2 1 0 6 


FORCED INVERSION 


Many times the analyst has a good idea as to the form 
of the final solution to his problem. This is especially 
true when only a minor change is to be made in a prob- 
lem that was previously solved. In cases of this type 
“forced inversion” may be used to great advantage. The 
efficiency of this technique is dependent on how good a 
guess can be made as to the form of the final solution. The 
ability to predetermine which variables will be in the final 
solution may appear difficult; however, experience has 
indicated it is often possible to guess up to 90% of the 
final solution. 

Once conventional linear programming techniques are 
mastered, the forced inversion algorithm becomes only a 
simple modification. In forced inversion the fina] basis 
variables are preselected and identified in the matrix. 
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Successive pivot columns are those nonbasis variables 
that are to be in the final basis. 

For each successive pivot, column pivot rows are 
chosen in the following manner: 

Select the row corresponding to the maximum positive 
element (a,,) within the pivot column. Do not consider 
rows representing variables that are to remain in the 
final basis. After all variables have been forced into the 
basis, the solution is checked for feasibility and optimal- 
ity. A variable number of transformations will have to 
be made by the composite algorithm depending upon the 
accuracy of the initial guess. 

Referring to Table 5, assume previous experience has 
indicated that X, and S, should be forced into the basis. 
For instance a problem of like nature involving essen- 
tially the same variables may have been previously 
solved and X, and S, were in the final solution. Since S. 
is already in the basis, only one transformation will be 
necessary. Variable X, will come into the basis replac- 


ing variable S,, the only remaining basis variable not in 
the “Forced Inversion Directory.” After transformation, 
the final solution is identical to that illustrated in Table 
6. 
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This simple example was chosen for illustration pur- 
poses only and did not illustrate the advantages of forced 
inversion which are in review. They are: 

1. Faster matrix transformations. The method of selecting the 
pivot element is simpler than either the simplex or composite 
algorithms. 

2. “Bypassing” of the cycling problems encountered in the use 
of a composite algorithm. 

3. A smaller number of transformations. Experience has indi- 
cated that the time to solve a problem using forced inversion 
can be 25-50% of other methods. 


Forced inversion is one of the linear programming op- 
tions available for the IBM 650. The “flow” for forced 
inversion is illustrated in Figure 1 and Figure 2. A re- 
duction in the number of partitioned passes through the 
use of forced inversion will greatly reduce the time neces- 
sary to obtain an optimal solution. 


REFERENCES 


(1) CHarnes, A., Cooper, N. W., Anp Henperson, A., An Intro- 
duction to Linear Programming, John Wiley and Sons, New 
York, 1953 

(2) Perry, O. R., Linear Programming Code for the Augmented 
650, 650 Program Library, Time and Life Building, New 
York 


HANDBOOK 
Industrial 


Engineering 
AND 


Management 


Edited by W. G. lreson and E. L. Grant 


A complete reference book for the industrial engi- 
neer, manager, businessman and student on the fields 
of activity commonly considered to be part of indus- 
trial engineering. There are 17 sections in all. Each 
section is complete in itself and is written by an out- 
standing authority in the field. 
Cross-referenced and fully illustrated, there are sec- 
tions on: structure of business organization, mana- 
gerial economics, engineering economy, manpower 
management, motion and time study, factory sys- 
tems and procedures, industria! climatology, tool 
engineering, industrial safety, inspection and quality 
control, and many others. 
1208 pages 6” x 9”, double col. 
Order from: 
American Institute of Industrial Engineers 
345 East Forty-Seventh Street 


New York 17, New York 


$16.00 


Volume No. 6 


‘ 
| 
= 
416 


Simulation of a Hypothetical Multi-ltem 
Production and Inventory System 


by B. P. DZIELINSKI 


Tis study is concerned with the use of computer 
techniques to simulate the behavior of an idealized multi- 
item production and inventory control system—the case 
of a producer manufacturing standardized items for 
stock. As in the classical case of single-item inventory 
control, we shall be concerned with the determination of 
optimal reorder points and order quantities. However, 
since this is supposedly an integrated production and in- 
ventory system, we shall also be concerned with the inter- 
action that exists between the ordering decisions and the 
corresponding delivery lags. 

What gives rise to such interaction? Suppose that in 
order to economize upon inventory costs, the control 
rules call for only small production runs of each item. 
The effects will not then be confined to the direct in- 
crease in setup costs. For a shop of given capacity, short 
production runs will result in more frequent setups, and 
hence an increased rate of facility utilization, increased 
congestion and waiting lines. 

However, with long production runs, there is an in- 
crease in mean processing time per order, and hence the 
danger that unless the queue length happens to be zero, 
the increase in total delay time may conceivably wipe 
out any benefits derived from the reduction in setup time 
costs. In the absence of good analytical methods, we have 
employed computer simulation for the study of this prob- 
lem. 

Given our basic simplifying assumptions—a single 
bottleneck facility, Poisson customer demands for each 
stock item, identical customer demand rates and identi- 
cal manufacturing times for all items—there is one spe- 
cial case to which analytical methods are applicable. 
With a reorder quantity of unity and with a reorder 
point of zero, this inventory contro] problem becomes 
isomorphic with the Palm-Feller machine servicing prob- 
lem (2). Furthermore, with a reorder point of zero and 
with the reorder quantity a positive integer q, the in- 

‘ Based upon a presentation to the Seventh Annual International 
Meeting of Tke Institute of Management Sciences in New York 
City, October, 1960. 

? Presently with Stanford University. 
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ventory control problem becomes isomorphic to a ma- 
chine servicing problem in which the time to breakdown 
is described by a gamma distribution with q phases. Our 
computer simulation for this case suggests that a gamma 
distribution for individual reorder times (or machine 
breakdown intervals) does not result in a very different 
distribution of queue lengths than is implied by a nega- 
tive exponential distribution with an identical .mean. 


THE INVENTORY PRODUCTION SYSTEM 


It will be assumed that the system carries stock on m 
different items, and that the demand for each of these 
items is randomly distributed, and independent of the 
demand for the other items. Customer demand continu- 
ously depletes the available stock of each item, and at 
the time that the inventory reaches a specified reorder 
level, an order is placed for the shop to produce a fixed 
order quantity. 

In general a manufacturing plant will contain a large 
number of production facilities—each a potential bottle- 
neck point in the operation. For purposes of this model, 
we shall ignore the existence of multiple bottlenecks, and 
concentrate upon the case where a single facility governs 
the capabilities of the entire plant. 

Two of the parameters of this stochastic process lie 
beyond the control of the production and inventory 
manager: the processing capacity and the demand rates 
for individual items. But the characteristics that lie 
within his control are the reorder: levels, the order quanti- 
ties, and the job priority rules. The performance of al- 
ternative stockage policies and priority rules is to be 
judged primarily in terms of three criteria: 

1. Average inventory levels. 


2. Number of lost sales. 
3. Average facility utilization. 


To the extent that monetary costs can be associated 
with each of these three indices, the overall performance 
of alternative systems may be compared directly in terms 
of dollar costs. 
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DEFINITIONS 


Parameters 


a; = mean setup time required to produce the ith 
item. 
b; = mean unit process time required to produce 


the 7th item. 

d; = mean arrival rate of customer demands for 
ith item. 

m = number of products in the system. 


Decision Variables 


r; = reorder level of the ith item. 
qi = order quantity of the ith item. 


Additional Quantities 


t; = aj + bigi mean servicing time required 
to process an order quantity of the ith item. 

d;/q; = approximate mean arrival rate of stock re- 
plenishment orders for the ith item at pro- 
duction facility; (neglects demands that re- 
sult in lost sales). 


THE SIMULATION PROGRAM 


Two major goals were associated with this study: first 
to simulate a production inventory system with interac- 
tions between the stockage policy and the replenishment 
delay time; and second, to check the results for certain 
cases against those predicted by the Palm-Feller model. 

The simulation consisted of Monte Carlo sampling 
from a Poisson process to generate customer demands 
for individual items; the use of logical computer com- 
mands to simulate the control system; and the perform- 
ance of detailed record-keeping tasks so as to produce 
the required information on the system behavior. Figure 
1 presents the flow chart of the simulation program. 

The flow chart indicates that two basic record-keeping 
functions are simultaneously performed in the com- 
puter program. Firstly, the inventory activity of the in- 
dividual items can be visualized in terms of a “two-bin” 
process. On each cycle the arrival of a replenishment 
order sets the inventory at some maximum level. This 
inventory is then depleted one unit at a time by incom- 
ing customer demands. Eventually the inventory level 
drops to the reorder point; the “first bin” is emptied; 
and thereupon a reorder quantity is issued for new sup- 
plies. After an interval known as the “replenishment 
time” the order quantity is delivered into the inventory 
raising it to its maximum level and the cycle starts over 
again. During the replenishment interval, it is possible 
that inventories will be depleted to zero. We ignore the 
possibility of backlogs in demand under these conditions. 
If no inventory is on hand, incoming demands are not 
filled, and these are regarded as “lost sales.’ 

The reorder quantity is always adjusted here so as to 
be greater than the reorder point. Without such a con- 
straint—and with a constant order size—if the inventory 
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Ficure 1. General Flow Chart of System Activity. 


ever dropped to zero, it could never again exceed the 
order point. Here, the “bin” sizes are constraints so that 
the first is always larger than the second bin. This con- 
straint turns out to be a significant one. 

The activity at the production facility is controlled by 
a priority rule that governs the replenishment assign- 
ments. For instance if the facility is idle and an order 
quantity arrives to be processed, the processing will be 
started immediately. However, if the facility is busy, the 
arriving job is delayed, and a waiting line is formed. We 
have experimented here with only one of many possible 
job priority rules: first-come, first-served. As soon as the 
facility completes processing a job, the corresponding 
quantity of goods is immediately credited to the current 
inventory of the stock idem. 

The Poisson assumption specifies the behavior of de- 
mand arrivals by postuiating that the time between two 
successive arrivals is exponentially distributed. With a 
mean arrival rate of d;: 


6,(x)dx =d,e~ #dx = probability that exactly x units of 
time elapse between two successive 
customer demands for the 7th item. 


Hence, the mean customer demand per item (mean 
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arrival rate) is denoted as d; demands per unit time. 
(Note the importance of the assumption of independence 
of demands as between individual stock items, as well as 
between successive demands for a single item.) 

All items are manufactured one-at-a-time on the single 
bottleneck facility. Mean processing or service times for 
individual job order quantities of size q are determined 
by a linear equation, with a; being the mean setup time 
for 


ty = ay + digi. Eq. 1. 
The value ¢; is specified as the mean of a negative ex- 
ponential distribution of servicing time. 

In order to simplify the analysis, we have found it 
convenient to assume complete symmetry in the para- 
meters for all stock items. This symmetry assumption re- 
sults in an identical reorder level and order quantity 
common to all items. The following numerical parameter 
values have been employed in our studies: 


m=2, 5, 10 items in inventory. 

d; =d = .05, .10 customer order per unit of time. 

a; =a=4 units of time per setup. 

b; =b=1 unit of processing time per unit of stock item 7. 

qi =q=1, 2, 3, 5, 10, 15, 25, 30, 40, 50, 60, 80, 100, 120 (order 

quantity). 

r; =r =0, 2, 4, 6, 8 (reorder point). 

i; =t=a+bq =4+q = mean servicing time for an order quantity 
of size g. 


The data recorded during the stationary phase of each 
simulation run consisted of the following results: 


1. Total customer demand per item. 

2. Total customer demand lost per item 

. Total number of stock replenishment orders (setups). 
. Facility utilization rate. 

5. Average inventory per item. 

6. Sample distribution of waiting orders. 


3 
4 


7. Average number of orders waiting for processing at the 
facility. 
8. Average replenishment time per order quantity. 


The total number of time units included in each simu- 
lation run was set in such a way as to overcome the 
arbitrary initial transient conditions, and to insure sto- 
chastic stationariness. A number of checks were made in 
order to check for stationariness. As nearly as could be 
determined, the transient conditions were overcome after 
the completion of approximately two reorder cycles on 
each item. 


SIMULATION RESULTS 


A. Test on the effect of varying the replenishment 
order size on 1. the facility utilization rate, 2. average 
inventory levels, and 3. the proportion of lost sales. A 
series of simulation runs were made which measured the 
above quantities; (at reorder level, r = 2) and the re- 
plenishment quantities g were varied in size from 3, 5, 
10, 15, 20, 30, 40, 50, 60, 80, 100, 120. Figure 2 presents 
the relationship between these quantities with variation 
in replenishment order size. 
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Ficure 2. The Effect of Order Size on: 1. Facility Utilization 
Rate (percent), 2. Average Inventory per Item (units), 3. Pro- 
portion of Lost Sales (percent). 


An examination of the data plotted in Figure 2 indi- 
cates the inventory system behavior can be predicted 
approximately by the following relationship 

IT =r+q/2 Kq. 2. 

Note that the right-hand side of Eq. 2. constitutes an 
upper-bound upon the average inventory since it neglects 
the effect of any demands during the replenishment in- 
terval. The data in Table 1 serve to illustrate this ap- 
proximation formula at two other reorder levels. 

Also, note in Figure 2 that if we neglect the possibility 
of lost sales, the average facility utilization rate is as 
follows: 


Percent Facility Utilization 
( order arrival rate ) 
stock items order servicing rate 


—— 
1/(a + bq) 


~ (a/q) Eq. 3. 
TABLE 1 
Average Inventory per Stock Item 
A io | A ti lat 
Order Size | "formula ~ 
Eq. 2. Eq. 2. 
r=8 
5 2.5 2.24 

10 5.0 4.48 13.00 10.71 
20 10.0 8.78 18.00 14.67 
40 20.0 17.47 28.00 22.57 
60 30.0 26.39 38.00 30.14 
80 40.0 35.04 48 .00 38.95 
100 50.0 43 .34 58 .00 47 .00 


* Order sizes are always constrained to be greater than the 
reorder point. 
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Or with the parameter values in Figure 2: percent facil- 
ity utilization 


~ 5(.1)[(4/q) + 1] = 5. 


Note that because of the effect of lost salés, relationship 
Eq. 3. constitutes an upper bound upon the actual facil- 
ity utilization rate. 

In summary: 


1. The average inventory increases linearly with the reorder 
quantity q. 


2. The facility utilization rate tends toward an asymptote 


slightly below mdb. 


The proportion of lost sales tends to fall in magnitude 
to a minimum of approximately 10% and then rises 
slightly. 

B. Tests to indicate the effect upon average inventory 
levels and the percentage of lost sales when both the re- 
order level “r” 


and the order quantity q are varied. 
Figure 3 depicts the relationship between “lost sales” 
and average inventory levels when both r and q are 
varied. Figure 3 indicates that with small order quanti- 
ties q, the variations in r have a dramatic @ffect upon 
the percentage of “lost sales,” 


but that when order quan- 
tities become large, variations in r have only a small effect. 
Furthermore, over the entire range of variations that we 
have examined—adjusting g and r simultaneously so as 
to hold average inventory constant 


the higher the value 
of r, the lower the percentage of lost sales. In other 
words, a given investment in 


“safety stock” r always 
reduces the lost sales percentage by more than a similar 
investment in “order cycle stock” g. This seems to hold 
true regardless of the indirect effects of the order quan- 
tity upon delivery lags. 


Note one qualification: We always require that q > r. 


This particular constraint is apparently operative at all 
of the “efficient points: in Figure 3, that is, the points of 
minimum lost sales at a given level of average inventory. 


ANALYTICAL METHODS AND SIMULATION 


For the very special case in which r 


0 and q 1, 
this production and inventory system may be handled 
by analytical methods directly. With r and q at these 
values the situation becomes identical with the Palm- 
Feller machine servicing model (2). In order to use the 
Palm-Feller analysis, we continue to postulate complete 
symmetry between all items in the system. 


Now in our production and inventory system—as in 
the machine servicing model 


only those stock items 
that lie above their reorder point can generate orders for 
the manufacturing facility. The mean arrival rate for 
these orders is d/q 


d. The mean service rate is de- 


noted by 1/t, where ¢ denotes the mean of a negative ex- 
ponential distribution of service times. We then define a 
serving factor p where: ¢ 


mean arrival rate/mean serv- 


ice rate 
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Ficure 3. The Relationship of Average Inventory and Percent of 
Lost Sales for Various Values of r and q. 


dt d 
= (d/q) + (1/t) = — =— (a+ bg) 
q q 
The correspondence between the machine servicing 
model and the production inventory model may be sum- 
marized as follows: 
Machine Servicing 


Model 


m Number of machines. m 


Production Inventory 
Model 


Number of inventory 

items. 

n= Number of machines n= Number of inventory 
not working. items at or below their 

reorder level. 

= servicing factor. = servicing factor. 

Single repairman. Single production facility. 

Negative exponential dis- 

tribution of time to reorder 


Negative exponential dis- 
tribution of time to break- 


down. when g=1,r=0. 

Negative exponential serv- Negative exponential man- 

ice time distribution. ufacturing time distribu- 
tion. 


Priority rule; first come, Priority rule; first come, 


first served. first served. 

In the Palm-Feller model, m machines are serviced by 
a single repairman; a machine is not working when it 
breaks down, and it requires service by the repairman. 
If a machine is not working, it is either being repaired 
or waiting to be repaired. 

Here there are m different inventory items in the sys- 
tem whose order quantities are processed by a single fa- 
cility. An inventory item is in the breakdown state when 
its inventory is at or below its reorder level and an order 
quantity is outstanding at the service facility. This order 
quantity is either being processed or else waiting to be 
processed. That is, we say that the system is in state E,, 
if n of the inventory items have order quantities out- 
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TABLE 2 
Probabilities for p, for the case 
p = (d/g) + (1/a + bq) = 0.50 


a= 
d =0.10 r=0 
b= 1 q=1 
Order quantities being serviced Order quantities waiting 
or waiting to be serviced to be serviced 
n Pn 
0 0 0.0370 
1 0 0.0920 
2 1 0.1835 
3 2 0.2750 
4 3 0.2750 
5 ! 0.1375 


= 1.0000 


n=O 


po = probability of facility idle time = 0.0370. 
w = expected number of orders waiting to be serviced 


= > (n —1)p, = 2.1100. 


n=l 


Pp... = the proportion of lost sales 


(1) Pn 


= 0.6230. 
m 
standing at the facility. For 1 <= n = m, this means that 
one reorder quantity is at the facility being processed 
and n — 1 order quantities are in the waiting line. In state 
E, all inventory items are above their reorder level, and 
the production facility is idle. 
It is well known that this model leads to the following 
set of recursion relations for the steady-state probabili- 
ties, p, of state n: 


Pn = (m),(A/u") po. Kq. 4. 


where (m), (m) (m n + 1). The value 
of p, follows from the condition ™ 


= 1, 


and is equal to the probability of the facility being idle. 

By this method an analytical solution for describing 
the activity at the production facility was obtained, and 
compared with the results of the simulation data ob- 
tained under the same conditions. The only valid com- 
parison can be made when r = 0 and q = 1. Withr = 0 
and q a positive integer, the order arrival times then 

TABLE 3 


Values of Average Queue Size, Probability of Facility Idle Time, 
and Probability of Lost Sales for various values of q, when 


r =0,d = 0.10,a = 4,6 = 1, andm = 6, 
Simulation Results Palm—Feller Model 

Order Size w po | p=r/p w | peo PLe«. 
q=1 2.0900 | 0.0376 | 0.6124 0.5000 | 2.1100 | 0.0370 | 0.6230 
q=2 1.2300 | 0.1468 | 0.4134 | 0.3000 | 1.2700 | 0.1392 | 0.4260 
q=5 0.5933 0.3297 0.2534 0.1800 | 0.5964 0.3282 0.2525 
q = 10 0.3617 | 0.4332 | 0.1834 | 0.1400 | 0.3863 | 0.4332 | 0.1867 
q=15 0.3383 0.4664 | 0.1737 | 0.1267 | 0.3189 | 0.4737 | 0.1721 
q = 20 0.2817 0.4886 | 0.1548 | 0.1200 | 0.2895 | 0.4953 | 0.1550 
q = 30 0.2700 | 0.5264 | 0.1425 | 0.1133 | 0.2587 | 0.5174 | 0.1491 
q = 40 0.3150 | 0.5406 | 0.1492 | 0.1100 | 0.2451 | 0.5288 | 0.1429 
q = 60 0.2617 | 0.5525 | 0.1355 | 0.1068 | 0.2317 | 0.5401 | 0.1396 
q = 80 0.2620 | 0.5538 | 0.1387 | 0.1050 | 0.2232 | 0.5461 | 0.1354 
q = 100 0.2883 0.5420 | 0.1438 | 0.1040 | 0.2218 | 0.5500 | 0.1340 
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follow a gamma distribution for the inventory model. 
The Palm-Feller model is no longer applicable in this 
‘ase, but provides a surprisingly close approximation. 

The comparisons between the two methods were based 
on the following measures: 


1. po, the probability of facility idle time. 


2. w, the expected number of order quantities in the waiting 
line. 


3. pis. the proportion of lost sales. 


Table 2 shows a sample calculation with Feller’s for- 
mulae for the values of po, w, and p;,... The two methods 
turn out to be surprisingly close to each other. For ex- 
ample, in the case of w, expected queue length, the dis- 
crepancy is less than 1% 

Table 3 compares the two methods at values of g vary- 
ing from 1 to 100. The close agreement between the two 
methods suggests that the negative exponential assump- 
tions for arrival rates is not only an analytical simplifi- 
cation, but that it also holds up well for lower variance 
situations, for example, the gamma distribution. 
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The Chemstrand Corporation—a leading manufacturer of chemi- 

cal fibers—currently has two positions open for industrial engi- 
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A. ‘CURATE measurement of the work content re- 
quired to produce the goods and service mankind re- 
quires is one of the most important single responsibilities 
of the modern Industrial Engineer. His ability to do it 
well affects the productivity of nations. For this reason, 
progressive Industrial Engineers for more than forty 
years have assiduously sought new ways and new means 
to increase their ability in this respect. 

tecently the editors of the Journal of Industrial 
Engineering forwarded us the proofs of an article about 
to be published. It was entitled “An Experimental Evalu- 
ation of the Validity of Predetermined Elemental Time 
Systems,” written by two German experimentors, Heinz 
Schmidtke and Fritz Stier and subsequently was pub- 
lished in the May-June issue of the Journal. 

{ecognizing the importance of labor measurement, the 
editors of the Journal asked us for comments concerning 
the findings of the experimentors as stated in the article. 
We understand requests for comments have been sub- 
mitted to other engineering firms having major positions 
in the field of predetermined motion time systems. We 
wish to commend the editors of the Journal for their 
sincerity in carefully presenting material so that good, 
not harm, will result from the data which they publish. 

The Work-Factor Company hopes the comments set 
forth in this article, will add to the understanding of the 
industrial world regarding such systems. We have no 
wish to diseredit the experimentors Schmidtke and Stier, 
nor the results of their experiments. Rather, our intent 
is to prevent misunderstandings and confusion which 
might well arise in the minds of persons not familiar or 
experienced with the use of predetermined time systems. 

The oldest predetermined elemental time system extant 
dates back some forty years. The Work-Factor System 
has been widely applied since 1946; other systems came 
into being thereafter. While mere age or history of tech- 
nique is of no significance unless useful accomplishment 
has oecurred, we stress that industry has, in fact, suc- 
cessfully used predetermined elemental time systems for 
many years. At this writing many unions consider pre- 
determined elemental time systems fair and accurate; 
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all industrially motivated countries of the world use 
predetermined elemental times in some form; and most 
competent Industrial Engineers now believe that without 
them, very little further progress in the science of labor 
measurement can be expected. 

Because of the long successful history of predeter- 
mined elemental time systems, an evaluation of the 
article by Schmidtke and Stier must be presented as a 
comparison between several decades of “documented 
success” versus “an experiment.” 

The importance of the concepts involved makes it de- 
sirable to set forth a statement of the obvious require- 
ments for valid evaluations. To properly evaluate a tech- 
nique as complex as any one of the predetermined 
elemental time systems (Schmidtke and Stier have com- 
plicated their problem by evaluating three—WF, MTM, 
and BMT) requires: 

1. A thorough understanding of the subiect under evaluation. 

2. An environment conducive to controlled experiments which 
isolate the needed information. 

3. Data accumulation in sufficient quantity to support construc- 
tive conclusions 

4. An analysis of the data which avoids confusion of the sig- 
nificant with the insignificant. 

5. Mature experience in the interpretation of the accumulated 
and analyzed data. 


We have presented the foregoing requirements because 
it has not been apparent to our staff that they were met 
in the Schmidtke-Stier experiments. For the reader’s use 
in understanding this article prepared by The Work- 
Factor Company, it may be helpful to set forth the 
major objectives and characteristics of a sound labor 
measurement technique. They are: 

Objectives 

1. Accuracy. 

. Consistency. 


. Understandability of all involved. 


9 

3. Ease of application. 

4 

5. Universal applicability. 


Characteristics 
1. Based on extensive data for average conditions. 
2. Fully field tested and modified to meet average conditions 
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3. Adequately described with firm rules and procedures of ap- 
plication for average labor measurement requirements. 

4. Organized and readily applied from tabular values for aver- 
age conditions. 


It is of course, well established that the foregoing 
criteria must apply to any sound labor measurement 
technique. Within this framework, the author of this 
article believes the following comments are pertinent and 
will be helpful to the readers’ evaluation of “An Experi- 
mental Evaluation of the Validity of Predetermined 
Elemental Time Systems.” \. 


COMMENTS ON CONCLUSIONS OF 
SCHMIDTKE AND STIER 

Since Sfhmidtke and Stier have summarized their in- 
terpretation of the results of their experiments into con- 
clusions, our comments approximately follow their se- 
quence. We have restated each of their conclusions as we 
have read them in their article, and have supplied our 
view of their conclusions. 

Schmidtke-Stier Conclusion Number 1: A factor must 
be added to predetermined elemental times to convert 
them to standard times. 

Work-Factor Comment: It is quite customary to deal 
in terms of operation cycle times which do not include 
allowances for fatigue and delay and, if applicable, in- 
centive. The literature on Work-Factor clearly sets forth 
that all Work-Factor Time Values are Select Time. 
Work-Factor Select Time is defined as follows: 


Select Time is the time required for the Average Experienced 
Operator working with good skill and good effort (commensurate 
with physical and mental well being) and under standard working 
conditions to perform one work cycle, or operation, on one unit 
or piece, according to prescribed method and specified quality. 
The Select Time includes no allowance for personal needs, fatigue, 
environmental unavoidable delays, or incentive payment. 


Hence, by definition, when an operation time has been 
established by means of Work-Factor Select Time, it is 
necessary to add an allowance for fatigue, personal time, 
unavoidable delays, and (if applicable) incentive. Once 
such factors have been determined and agreed upon for 
a specific factory or industry they remain constant from 
there on and are completely free of decision making on 
the part of the Industrial Engineering staff. 

Schmidtke-Stier Conclusion Number 2: Motion direc- 
tion is not considered in any published predetermined 
motion time system. They state their experimentation 
proves that motion direction is a factor. 

Work-Factor Comment: Work-Factor Select Time 
Values have been established for the average experienced 
operator working under average conditions. The original 
research investigated the significance of motion direction 
(up, down, sideways, to and from the body, ete.) and 
determined that, in view of the other variables which 
must be considered in establishing production standards, 
motion difection was of relatively minor importance. 
When the Work-Factor research data were accuraulated, 
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an average of all directions of motions was recorded in 
the readings, hence, the Work-Factor predetermined ele- 
mental times include average times for motions in any 
direction. 

Schmidtke-Stier Conclusion Number 3: Jnsufficient 
time differentiation is made for weight. 

Work-Factor Comment: Many thousands of record- 
ings were made by the originators of the Work-Factor 
System to learn about the weight-time relationships in 
manual motions. Three separate investigations were 
made over a period of about ten years, each independent 
of the others. The third and final check brought about a 
minor modification which was made effective in 1945. 
Operation cycles have been established with Work- 
Factor involving all weights encountered within limits 
of efficient industrial practice. There has been no dis- 
satisfaction on the part of workers or managements 
since that time. We believe the test of usage must be 
overriding in this case. 

When the Japanese first began to use Work-Factor 
some years ago, they had doubts as to whether the Work- 
Factor values for weight would apply to the Japanese 
people who, on the average, may not be as large and as 
strong as the American workers. Therefore, they under- 
took a series of experiments in a number of Japanese 
plants to check the Work-Factor time-weight relation- 
ship. The Japanese concluded that the Work-Factor 
values for weight were adequate and suitable for use with 
Japanese workers. 

Schmidtke-Stier Conclusion Number 4: The interde- 
pendence of preceding and subsequent work motions is 
not taken into consideration in any of the predetermined 
time systems. 

Work-Factor Comment: With respect to the Work- 
Factor System, we can only state that this is completely 
incorrect. Work-Factor motion times were established 
by the procedures described in the paragraph which 
follows: 

Some 1100 operators were studied during the original 
research. The observers worked in teams of two. One 
observer made recordings while the other made the tim- 
ings. When the study forms were half completed, the 
observers changed boards and continued the study until 
completed. This gave both observers an opportunity to 
time and record. The research procedure was to list all 
the elemental motions involved in the operation cycle, 
identify them in terms of nomenclature established for 
the project, and then to time each motion individually, 
obtaining twenty readings for each such motion per 
operator motion. An operation cycle of one-half minute 
took about eight hours to complete. Interspersed between 
the recordings of motion times, overall total cycle times 
for the operation were recorded. When the study was 
complete and totaled, it was required that the total of 
the average individual elemental times be equal to the 
average of the total cycle times to within five percent. 
If this was not the case, the study was rejected in its 
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entirety. Because of this thoroughness, it is known that 
no time has been omitted from the Work-Factor tables 
of elemental times. Hence, complete and absolute recog- 
nition has been given to the time effect on preceding and 
subsequent motions in all cases. Over the years, it has 
been conclusively demonstrated for practical purposes, 
that the Work-Factor motion time values are inter- 
changeable from cycle to cycle. 

Schmidtke-Stier Conclusion Number 5: Predetermined 
elemental time systems neglect the effect of “repetition 
frequency” on motion times. 

Work-Factor Comment: With respect to Work-Factor 
this is not true. No doubt Schmidtke and Stier, through 
iack of knowledge of Work-Factor, have made this mis- 
statement. The Work-Factor motion times in the De- 
tailed Table have been used for many years to establish 
correct production standards for mass production work. It 
is true, there are situations where repetitive motions 
occur, The Work-Factor System recognizes circular mo- 
tions, short motions, stroke motions (hammer blows) and 
a variety of other rather special kinds of repetitive mo- 
tions. The Work-Factor System includes time values for 
all of these, separate and apart from the Detailed Table 
of motion times. These time values have been in use for 
some time. No doubt, Schmidtke and Stier were unin- 
formed about this. 

Schmidtke and Stier Conclusion Number 6: The sum 
of the times required to perform motion elements is not 
identical to the whole motion pattern. In other words, 
the whole may be greater than, or less than, the sum of 
the parts. 

Work-Factor Comment: We believe this is thoroughly 
answered under our comment to Schmidtke-Stier Conclu- 
sion Number 4. 

Schmidtke-Stier Conclusion Number 7: Variations in 
operation times established by predetermined elemental 
time systems lead to errors much larger than those gen- 
erated by stop watch time study. 

Work-Factor Comment: Here again we presume that 
Schmidtke and Stier speak from lack of knowledge. 
Throughout this article we wish to remind our readers 
that our comments are not meant to be derogatory. 
Simply, we hope to state facts. Since 1946, the Work- 
Factor Company has serviced industry world wide with 
training and application of Work-Factor Time Stand- 
ards. Part of our planning for proper programs in each 
individual company is always a survey in each plant to 
determine the level of existing production standards 
prior to installation of Work-Factor. The overwhelming 
mass of data demonstrates that variations in output stand- 
ards established by conventional stop watch techniques 
exceed variations where the Work-Factor System is used 
by some ten to one. The data which support this statement 
would, we are sure, more than convince Schmidtke and 
Stier that their fears for predetermined elemental time 
systems are unfounded. 
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While it is agreed that individual time study engineers 
in one plant may learn to level stop watch studies to 
within perhaps five percent of each other on a limited 
variety of operations, generally, this is not the case 
throughout any industry and industrial area in any coun- 
try. It is a known fact that variations in the concepts 
of “normal” between engineers and between companies 
may differ as much as plus or minus fifty percent. We 
believe Schmidtke and Stier have lost sight of this in- 
herent defect in stop watch time study. Apparently they 
do not subseribe to the fact that any organized approach 
gives better overall results than the stop watch and 
human judgment. 

Schmidtke-Stier Conclusion Number 8: Predetermined 
elemental time systems are designed to take the place of 
the traditional time study method in industry. 

Work-Factor Comment: This is correct with respect 
to the Work-Factor System. The primary motivation for 
the original Work-Factor research begun in 1934 was the 
need for a technique to replace the stop watch and the 
judgment factor of conventional time study. After some 
four years of research, the system known as Work- 
Factor evolved. It was tested and applied for a long 
period and finally made available for general use in 
industry in 1946. The originators and developers have 
constantly dedicated themselves to perfecting the Work- 
Factor System for precise and accurate standards on 
mass production, medium quantity production, short pro- 
duction, and all other manual and mental work which 
can practically be measured. More than fifty percent of 
all Work-Factor applications provide time standards for 
incentive pay plans. 

We cannot speak with full authority for the other sys- 
tems, but it is our understanding that MTM, for ex- 
ample, originally was not designed to replace other time 
study and labor measurement techniques. 

Schmidtke-Stier Conclusion Number 9: The concept 
underlying predetermined elemental time systems is 
identical with that of elemental physiology and ele- 
mental psychology. Because of this, the techniques lack 
adequate dynamics and have suffered because of the 
discredited approaches of elemental physiology and 
psychology. 

Work-Factor Comment: The Work-Factor System, 
from its inception on through its many phases of de- 
velopment, has never been static. It is true that, when 
certain aspects have been demonstrated incontestably 
over a long period, it has appeared fruitless to check 
them further. However, rules of procedures, descriptive 
terms, and new variations of time applications are con- 
tinuously being added to the Work-Factor System. While 
the Work-Factor staff does not value “change for the 
sake of change” it is anticipated by the Work-Factor 
Company that this dynamism of the system will not 
diminish, but increase. 

Schmidtke-Stier Conclusion Number 10: An excessive 
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demand over a long period of time niay be injurious to 
health. 

Work-Factor Comment: While true, this statement 
appears irrelevant to the question of validity of prede- 
termined elemental time systems. However, since there 
could be an implication, we comment that the definition 
of Work-Factor Select Time includes a statement to 
the effect that the work pace expected by Work-Factor 
requires that the operator be physically, mentally, and 
comfortably able to maintain his or her work pace 
throughout the working day and throughout the work- 
ing year. We consider it obvious that, were this not the 
case, Work-Factor would have been discarded long since 
through the efforts of dedicated labor unions. On the 
contrary, many unions (along with the managements of 
their respective companies) praise the fairness and equity 
of Work-Factor Time Standards. 

Schmidtke-Stier Conclusion Number 11: “Physiologi- 
cally optimum” motion times, under certain conditions 
are the same as “normal times.” 

Work-Factor Comment: We believe that Schmidtke 
and Stier have an inadequate sample of work motion 
times for two reasons. 

1. Limited data taken from a limited number and variety of 
operators in a restricted environment. 


2. Many of their timings were of individual motions which were 
not part of a total motion cycle. 


For these reasons, we suggest that any comparison 
between the experimentors’ findings and the statistically 
compiled Work-Factor System (based on some 17,000 
individual motion time studies) is not valid. 

Schmidtke and Stier have generated discrepancies in 
their evaluation between the various experiments and 
the various predetermined time systems because of their 
apparent misunderstanding of the “normal” concept. 
They have used the words “physiological optimum mo- 
tion time” which they say under certain conditions can 
be considered as “normal.” They further state that: 
“The motions are well practiced and more or less per- 
formed without conscious control and without being 
directed by higher centers of consciousness and without 
being affected in any way by other variables or influ- 
enced by wage incentives.” This seems a reasonably clear 
use of the “normal” concept. 

This concept was applied throughout the Schmidtke 
and Stier experimentation involving individual motion 
times. However, in the studies involving their measure- 
ment of “way-time,” they clearly state “experimental 
subjects had to go through a training period of some 
time until no further improvement of their skill could be 
realized.” Motions were made with such speeds that all 
targets could be struck without missing. From this, it 
would seem that the operators were moving at the maxi- 
mum speed with which they could accurately attain the 
target, and were so practiced that no further improve- 
ment in either skill or speed was possible. Accordingly, 
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this does not fit the definition of “normal” time and 
would indicate that the operators were working at either 
an incentive speed or perhaps even at maximum speed. 

These two approaches are not reconcilable. This may 
be one of the reasons why Schmidtke and Stier conclude 
that, in certain types of operations and work elements, 
predetermined times are loose. 

Schmidtke-Stier Conclusion Number 12: “No differ- 
ence is made between motions involving predominantly 
the forearm and the motions involving the whole arm.” 

Work-Factor Comment: Here again is an incorrect 
assumption. The Work-Factor System compensates for 
the portions of the arm involved as follows: 

The longer the motion, the more of the arm which must be 


involved. The change in time, because of the amount of required 
arm extension, was timed in the original research. 


Since industrial work cycles should be established 
primarily for convenience and efficiency of operation, the 
use of the forearm stiffly extended in performing work 
is extremely limited. If and when this does occur, the 
Work-Factor System includes values which are applied. 
We note here that the number of times this has been en- 
countered in our experience is so limited that our staff 
does not recall the last time the values were required. 

Schmidtke-Stier Conclusion Number 13: It is clear 
that the time values for MTM and Work-Factor motions 
involving no weight are 25 to 30 percent lower than the 
optimum values found in their experiments. They suggest 
that this difference may possibly be explained by the 
fact that the concept of MTM and Work-Factor is based 
on a different performance level than their concept used 
in establishing their optimum physiologically defined 
normal performance. 

Work-Factor Comment: There is no valid means of 
using Schmidtke and Stier’s findings. Work-Factor Select 
Time is not on the same performance level as MTM nor- 
mal times. As stated in an earlier definition in this arti- 
cle, Work-Factor Select Time is based on a work pace 
for the average experienced operator working with good 
skill and effort. It is our understanding the MTM tabu- 
lar values are for the average experienced operator work- 
ing with average skill and average effort. We also sug- 
gest that Schmidtke-Stier’s data are of such a small 
sample that, regardless of their concept of “physiologi- 
cally normal” their sample is too small to be valid as a 
reference against the Work-Factor data which have 
several decades of successful usage and four years of 
data accumulation in the original research. 

Schmidtke-Stier Conclusion Number 14: It is proven 
that the precision, required to touch a target, produces a 
decelerating effect on the following motion. The result 
of this series of experiments leads them to the conclusion 
that it is necessary for the integration of an additional 
factor in the elemental time tables to compensate for this 
increase in time. 

Work-Factor Comment: Our research data demon- 
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strate that preparation in advance of approaching the 
target and finally touching the target require care and 
accuracy and hence, more time than if no target is in- 
volved. However, our data also indicate (and a large 
amount of it) that once the target has been reached, the 
need for care and precision ceases and the next motion 
proceeds without significant influence from the previous 
target. The reader can visualize this by considering a 
motion pattern wherein it is required to test a hot object 
by touch. As the hand approaches carefully to touch it 
with minimum pressure (so there will be minimum dis- 
comfort) much time is consumed. However, when the 
hand has touched the hot object, its withdrawal is ex- 
tremely rapid without thought or care because of the 
previous precise approach motion. While this is not a 
much used industrial motion, we believe it illustrates a 
basic fact concerning work. 


GENERAL COMMENTS ON THE SCHMIDTKE 
AND STIER ARTICLE 

We wish to reemphasize our desire to be constructive 
rather than destructive in our reply to the Journal 
editors’ request for comments on the Schmidtke and Stier 
article. While being obliged to be blunt in some com- 
ments, we hope that it has been good for all concerned. 

We also offer other comments which, while not so 
specifically related to conclusions reached by Schmidtke 
and Stier, are important in the independent evaluation 
of their work. 

1. Many conclusions drawn by Schmidtke and Stier 
are based on the timing of individual motions, not part 
of actual industrial operation cycles. We believe this is 
a dangerous experimental procedure upon which to base 
conclusions; we believe that a motion must not be con- 
sidered individually but must be considered as part of 
the whole operation cycle in which it is used. 

2. For clarification we must point out the application 
of the Work-Factor System to experiment described in 
Figure 20 and documented in Figures 21, 22, 23, 24, 25, 
and 26, of the Schmidtke-Stier article appear incorrect. 
Based upon the illustration in Figure 25, we believe their 
application of Work-Factor is in error in respect to three 
subelements: 

a. Grasp—it would appear that the analyst has used an F1 
grasp requiring 16 Work-Factor time units (16 milliminutes). The 
movement should be analyzed as a pinch grasp at the end of a 
reach. The numerical value then would be 1/2F1 requiring 8 
Work-Factor time units (8 milliminutes). 

b. In the case of release following assemble, it appears that a 
full Fl release of 16 units (1.6 milliminutes) was used whereas 
a gravity type release of 1/271 of 8 units (.8 milliminutes) should 
have been used 

c. Based upon the description of the experiment as we under- 
stand it, we know of no reason why the reach preceding the grasp 


of the pin should require both steering and definite stop (SD 
Work-Factors). According to the Work-Factor rules, (his motion 


requires only a definite stop (D) Work-Factor. At an 8 inch 
distance the time difference would be a decrease of 16 units 
Thus at 8 inches there is a total error of 32 units (3.2 milli- 
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minutes) or approximately 16 percent. 

d. Throughout the discussion it is noted that Work-Factor and 
MTM times are treated as being comparable. It would appear that 
the authors are not aware of the fact that times shown in MTM 
tables are “normal” whereas Select Times read from the Work- 
Factor Table are at an incentive work pace. There may be other 
misunderstandings, also. 


3. We have suggestions in respect to the translation 
from German to English. We believe the words “way- 
time” would be better translated as “travel time,” “reach 
time,” “move time,” or “transport time.’ We notice in 
several places the words “gripping distance” have been 
used. We believe that this is incorrect terminology and 
that the translator meant “motion distance” (reach, 
move, or transport). “Gripping distance” in the Work- 
Factor System refers to the distance between the point 
at which a plug or other object being assembled is held 
by the hands and the point at which the object makes 
insertion. 


SUMMARY 


The Work-Factor Company still employs some of the 
engineers involved in the original research which began 
in 1934, and in later development and testing of the 
system. In discussing the Schmidtke and Stier article, 
these engineers were reminded of the many unfruitful 
avenues pursued during the four-year research period in 
an effort to find an approach which might solve the ex- 
tremely complex labor measurement problem. It appears 
to us that because of their dedication, Schmidtke and 
Stier would have been good adjuncts to the staff which 
performed the original Work-Factor research, and it is 
regrettable that this was not the case. Their work is ob- 
viously one of sincerity. 

In summary, it might be helpful to review the extent 
of effort which has gone into the preparation of the now 
internationally known Work-Factor System. Its creation 
essentially was as follows: original research begun in 
1934 and concluded approximately 1938; field testing 
begun in 1938 and concluded approximately 1945; wide 
industrial application begun in 1946 and continuous 
since that time. As previously stated, all industrial 
countries of the world use Work-Factor to some extent, 
many of them extensively for labor measurement and 
incentive pay with considerable satisfaction. The Work- 
Factor Company supervises all Work-Factor installa- 
tions worldwide with its own engineers; and has offices 
or representatives in England, France, Japan, Germany, 
Holland, Australia, Brazil, United States, Canada, etc. 
In the United States, two prominent Industrial Engineer- 
ing organizations assist in maintaining the high standard 
which has been established in all Work-Factor applica- 
tions throughout the world. These organizations are the 
Work-Factor Associates of the Midwest (WFAM) and 
the Work-Factor Associates of the East Coast 
(WFAEC). There have been a variety of articles pub- 
lished concerning Work-Factor, the earliest dating back 
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to 1945 (1). The system was well described in the Indus- 
trial Engineering Handbook published in 1956 (2). 

In September 1961, a complete Work-Factor textbook 
will be published by McGraw-Hill Book Company, Inc. 
(3). Perusal of this publication should correct in the 
minds of Schmidtke and Stier many of the fallacies 
which have arisen because of their lack of knowledge of 
the Work-Factor System. 

Work-Factor again wishes to express its gratification 
at the integrity demonstrated by the Journal editors in 
their attempt to promote and propound a sound philoso- 
phy for the advancement of the science of Industrial 
Engineering. 
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and GERALD E. JOHNSON, Production Engineering Dept., Gen- 
eral Motors Institute 


Provides the engineer with fundamental principles for devel- 
oping a carefully conceived manufacturing plan. The book 
establishes a clear relationship between product design and 
process engineering—through the complete analysis of the part, 
from the part print, and with an end objective of making a 
product acceptable to the customer in function, appearance 
and economy. 


June, 1962 Text price: $9.00 


MANUFACTURING PROCESSES AND 
MATERIALS FOR ENGINEERS 
by LawrENCE E. Doy Joe L. Morris, JaMes L. LEacu, all 


University of Illinois and GEORGE F. SCHRADER, Oklahoma State 
University 


This new text demonstrates the current approach to engineer- 
ing education by its emphasis on the technical and economic 
principles which are basic to the manufacturing processes. 
Practices and problems are evaluated in terms of these funda- 
mentals; the reader is then presented with exercises in which 
he can apply the basic engineering principles. 


June, 1961 797 pp. Text price: $11.25 


Write for examination copies and catalogue: 
BOX 903 
PRENTICE-HALL, INC. 


Englewood Cliffs, New Jersey 
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Simulation in the Application of Wage 


Incentives to Multiple Machines 


by H. J. JOHNSON 


§ IMvLATION, a relatively new technique, should be- 
come a basic tool of Industrial Engineering. Many arti- 
cles have been written on the use of simulation in the so- 
lution of complex problems and the training of execu- 
tives through game playing. Few articles, however, have 
been written showing how it can be used in solving sim- 
pler, more routine problems easily and quickly. In the 
following problem, work load and interference were ob- 
tained by simulation rather than lengthy studies of the 
actual machines in operation. 

A group of six Farrel-Birmingham gear generators 
were to be put on wage incentives as part of a plant wide 
one-for-one individual incentive installation. The initial 
work situation was as follows: 


Machine Machine 


Number Size Operator Product 
1 Small A 24 sizes of pinions 
2 Small A Gears— {30 Sizes 
3 Small B Gears —- Interchangeable be- 
4 Small B Gears—|tween these machines 
5 Medium C Gears and Pinions, 10 sizes 
6 sarge C 6 sizes of gears 


In applying incentives to the gear cutters it was neces- 
sary to answer such questions as: 


What is the work load per operator? 

How many machines should be assigned to each operator? 

What would be the advantage in the operators assisting one 
another? 

Is the work load significantly different from one machihe to 
another? 

Will a machine interference factor be needed and if so, how 
much? 

Will individual incentives be practical or will it be necessary 
to make a small group application? 


In placing the gear generators on incentives the goal 
was a balance of the following factors: 


Optimum utilization of the machines which could be a produc- 
tion bottleneck. 

High, balanced loading of the operators. 

Maintenance of a uniform high quality gear. 

Optimum life of the cutter sets, the total annual cost of which 
was as much as the direct labor cost of operating the machines. 


Timestudies were taken of the machine group over a 
period of four weeks to set standard times for all ele- 
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ments of work. Trials were made of various cutting con- 
ditions and Operation Sheets were written describing the 
preferred method of cutting each size of gear and pinion 
on the various machines. The work time of the operators 
was separated into three categories. 


1. The minimum work time to produce a gear or pinion keep- 
ing the machines constantly in operation 

2. Work per gear or pinion that is done as fill-in or internal 
work when the machines are in cutting eycle but do not need 
attention 

3. Available idle time when the machines are in cycle but no 
work remains to be done 


The ratio of first and second category work time to the 
entire time to machine a lot of gears or pinions was de- 
fined as Percent Work Load. Interference was defined as 
occurring when work of the first category was required 
simultaneously on more than one machine. 

In order to solve for work load and interference it 
would have been necessary to timestudy the machines 
and operators for a number of weeks to get stable 
averages. It would have been necessary to repeat this 
timestudy for each different work assignment, such as 
one operator to each two machines, operators assigned 
as a team to various numbers of machines, ete. Such a 
study of the machines and operators would have re- 
quired an estimated minimum of 32 timestudy observer 
weeks as well as some disruption of the production 
schedules to study various work assignments. A work 
sampling type study could have been carried out for an 
estimated one third of this expenditure of time (1) (5) 
(6). 

It was felt, however, that the work situation could be 
mathematically simulated (1) (3) (5) (7) (8). Through 
simulation data could be quickly collected similar to 
that obtained from a work sampling study. Various com- 
binations of machines and operators could be tried to 
check for work load and interference. An additional 
advantage was that the analysis of the data was quite 
similar to that of a work sampling study. It was felt that 
satisfactory answers to the initial questions could be 
obtained in less than two timestudy man weeks. 
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SIMULATION 


The simulation of the multiple machine assignment to 
determine work load and interference was done in two 
steps. First, a mathematical model of the work situation 
was set up and second a work sampling type study of the 
model was simulated in the same manner as the actual 
machines and operators would be observed. 

In our first mathematical model of work load Cate- 
gory 1 work time was separated from, total time to com- 
plete a lot of gears or pinions for each machine. This 
was possible as fill-in work, Category 2, was low as a 
percent of the total cycle times. A!so the operators could 
not be loaded so that they had more than 5 percent 
interference of machines in cycle. If the cutters were not 
watched carefully and the cuts fed in as required, the 
life of the cutter sets could be greatly reduced and poor 
quality gears would result. | 

Using the methods from Operation Sheets, work times 
from standard data and a record of the parts going over 
each machine in average percent work time was ob- 
tained for each machine. Various combinations of work 
assignments were simulated in the following manner. 

Assume the parts going over Machine Number 1 have 
an average Work Time of 12 percent and 88 percent 
Open Time, Machine Number 2, 25 percent Working 
Time and 75 percent Open Time. With a single operator 
attending these two machines Table 1 can be set up. 


TABLE 1 
Machine Number 1 Number 2 
Working Time 12% 25% 
Open Time 88°, 756% 
Random Numbers for Work O1-12 01-25 
Random Numbers for Open 
Time 13-100 26-100 
(Random numbers selected 91 61 
from table and placed alters 38 53 
nately under machines) 8Y Oo9W 
O5W (Interference) 14W 
6 80 
57 54 
31 67 
67 85 
88 23W 
19 28 
Observations or Sample Size 10 10 
Occurrence of Work ] 3 
Percent of Work 1/10=10% 3/10 =30% 


Occurrence of Interterence 
Work Load for a Single Operator 


1/10=10% 
4/10=40%; 

Numbers taken from a random number table are used 
to simulate observations of the operations. Using the 
random digits from 01 to 100 (00 represents 100) the 
digits 01 to 12, inclusive, occur 12 percent of the time 
leaving the digits 13 to 100 to occur 88 percent of the time. 
The oecurrence of the random digits 01 to 12 can there- 
fore be used to signify manual work on Machine Num- 
ber 1. The occurrence of the digits 01 to 25 will signify 
that work is required on Machine Number 2. If num- 
bers less than 12 and 25 are selected from the table con- 
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secutively both machines require work simultaneously, 
the condition of interference. 

This simulation quickly produced overall load and 
interference figures, but proved to be over simplified. It 
was desirable to explore the range of interference and 
load as the product mix changed from combinations of 
small gears and pinions being cut to a predominance of 
large parts. The simulation was therefore carried one 
step further. 

An examination of the cutting times of the parts going 
over each machine revealed that they fell into three or 
four natural groups of cutting times per piece. The 
pieces with approximately the same cutting time were 
grouped for each machine and the average percent of 
working time computed for each group. It was then 
necessary to compute the percentage occurrence of each 
group which depended upon the lot size and running time. 

Table 2 is similar to Table 1 with the exception of 
several categories of work time for each machine. For 
example, 70 percent of the parts going over Machine 
Number 1 require 27 percent work time, 20 percent of 
the parts need 18 percent work and the remaining 10 
percent require 35 percent work. 


TABLE 2 


Number 2 | 


} Number 1 
Machine | 
Condition iroup , | Open yroup , pen 
| Work Time | Work | Time 
| 35% | 65% | 1 | 28% | 77% 
Cutting Time Work (10%) | 01-35 | 36-100 | (10%) | 01-23 | 24-100 
Gro with Desig- | 
2 | 18% | 82% 2 42% 58% 
Numbers A 01-17 18-100 01-42 | 43-100 
| (20%) | 
(30%) 
5 34% 66% 
| 5 6 01-34 | 35-100 
| 6 7 
| (80%) 
| 8 27% 73% 8 27% 73% 
| 9 01-27 | 28-100 9 01-27 | 28-100 | 
0 0 | 
(70%) (30%) | 
(100%) (100%) 


On Table 2, random numbers are taken in groups of 
three. The first digit is used to signify the cutting time 
group with the remaining pair of random digits signify- 
ing work or open time as in Table 1. The random num- 
ber 823, for instance, on Machine Number 1 signifies 
parts of the type that require 27 percent manual work. 
The 23 simulates work as it is within the range 01 to 27. 
The random digits 361 for Machine Number 2 signify 
work of group 3, while the 61 indicates open time. Ran- 
dom numbers were selected for several days for each of 
several work assignments and product mixes. 


RESULTS 


Some of the conclusions were as follows. The average 
work load differed quite significantly from machine to 
machine. With the assignment of two machines per 
operator the work load was light, even including internal 
work, but on the average interference was higher than 
desirable. An assignment of two men to five machines 
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did not give excessive interference for an average product 
mix if the men worked as a group. The assignment of 
three operators to six machines resulted in a lower ma- 
chine interference and work load per operator than con- 
sidered necessary. This assignment would only be prac- 
tical if maximum output was required. A group incentive 
plan, one for each shift, was used to promote working as 
a team. Interference of 5 percent was substituted for the 
regular 5 percent personal allowance as the operators are 
expected to take personal time during the available idle 
time. 


CONCLUSION 

Some of the results of this simplified simulation in this 
example could have been more easily obtained by other 
techniques of statistics and probability. Simulation, how- 
ever, is considered to have been easier to understand by 
timestudy personnel and proved to be direct, convinc- 
ing, flexible, quick and effective. Once understood similar 
simulation techniques can be applied to many other In- 
dustrial Engineering problems in a short time, at low 
cost and with a minimum of higher mathematical knowl- 
edge. The same technique may be applied to more com- 
plex problems. Several distributions of random numbers 


are available to increase the flexibility (2) (4). If espe- 
cially lengthy, varied or accurate solutions are required, 
the actual work of the solution may be readily trans- 
ferred to punch cards in the average machine tabulation 
department. 
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PRESIDENT'S COMMENTS... 


President of the American Institute of Industrial Engineers, 1961-62 
by JACK F. JERICHO 


Institute Membership Qualifications — 


Need for a Change? 


Over the years many factors have contributed to the 
overall success and growth of the American Institute of 
Industrial Engineers. But if someone asked what one sin- 
gle thing may have made the most significant contribution 
to this success, I think most of you would agree on con- 
sistent and high membership standards. However, a so- 
ciety representing a profession which is changing as rap- 
idly as Industrial Engineering must always be alert to the 
need to revise its membership qualifications. All of us 
agree that we should never dilute our membership require- 
ments, because the strength of any society depends to a 
great degree on the professional eminence of its member- 
ship. 


BACKGROUND REVIEW 


During the past three or four years, many questions 
have been asked about our membership qualifications. 
Chapters throughout the country have felt that, in some 
instances, we are too restrictive and keep men out of the 
organization who should be members; on the other hand, 
many feel that men who are not qualified have become 
members. 

In the latter part of Frank J. Johnson’s administration 
and the early months of Alex W. Rathe’s, it became more 
and more obvious to the Institute Board of Trustees that 
a complete study of our membership qualifications should 
be made. In view of this, the Membership Board of Re- 
view, chaired at that time by W. E. Fourqurean and later 
taken over by E. J. Palisin, was asked to make an objec- 
tive review of the Institute’s membership qualifications 
and the Membership Qualifications and Classificatio 
Manual used by the chapters. : 

At the Eleventh Annual Conference and Convention 
held in Dallas, Texas, a portion of the Chapter Presi- 
dents’ meeting was devoted to the problems associated 
with the Institute’s membership qualifications. At the con- 
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clusion of these discussions, W. E. Fourqurean advised 
that a comprehensive study was being undertaken and 
the chapters would have the opportunity to submit their 
problems and ideas to the Board of Review for considera- 
tion. The feedback from the chapters, obtained through a 
comprehensive questionnaire, was very revealing and 
proved to be helpful to the taskforce in developing recom- 
mendations to improve and clarify the membership quali- 
fications of the Institute. 


IMPORTANT PROBLEMS 


Here are some of the important problems brought to 
light as a result of the chapter survey as well as comments 
given the taskforce by many of the Regional Vice Presi- 
dents who served in 1958-59 and 1959-60: 


1. Misunderstandings regarding use of Affiliate grade. 

2. Possible dues inequities by using Affiliate grade for pur- 
poses other than original intent. 

3. Qualifications for Associate Member inadequate. In some 
instances does not differentiate between Industrial Engineering 
or engineering graduates and men with degrees in liberal arts, 
agriculture or business. 

4. Elimination of the word “Senior” from one of the grades 
of membership unpopular. 

5. Qualifications too lenient for acceptance of registered In- 
dustrial Engineers and registered engineers as Members. 

6. Categories of Industria] Engineering functions listed in the 
manual outdated, limited, and to some degree, inaccurate. 

7. Scope of Industrial Engineering as presently defined in the 
manual too limited. Does not entirely portray the modern image 
of Industrial Engineering. 

8. Qualifications in the manual vague, outdated, and not too 
comprehensive. (Manual not revised since 1957.) 

9. Membership qualifications, as outlined in the manual, diffi- 
cult to reconcile with the qualifications shown in the Constitution. 

10. Percentage of applications sent to Membership Board of 
Review for processing too high. 

11. Limited information available for chapters to understand 
what the Membership Board of Review uses in evaluating the 
qualifications of new applicants. 
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To solve these problems and not weaken the member- 
ship qualifications of the Institute presented quite a chal- 
lenge to the taskforce. 


PROPOSALS AND RECOMMENDATIONS 


After several months of study, the taskforce submitted 
proposals to clarify and strengthen the membership quali- 
fieations to the December, 1960 Board of Trustees’ meet- 
ing for review. At this Board meeting, the following basic 
principles were approved: 

. . Reaffirmed the Institute’s basic policy not to dilute mem- 
bership by broadening requirements for membership. 

. . Accepted in principle the desirability of an additional non- 
corporate grade of membership 

. Authorized the Executive Committee to modify and im- 

plement the recommendations of the taskforce in accordance with 
suggestions of the Board of Trustees, subsequent to review and 
recommendations from several of the Institute past presidents. 


The significant recommendations of the taskforce in 
addition to the need for another noncorporate grade of 
membership follow: 

... Develop Associate Member qualifications for men obtaining 
Industrial Engineering and other engineering degrees from schools 
not accredited by the Engineers’ Council for Professional De- 
velopment. (Presently, these men need as many years of actual 
Industrial Engineering experience as graduates in liberal arts, 
agriculture, or business to qualify as an Associate Member.) 

Re-establish the Senior Member terminology in lieu of 
Member. 

. Provide safeguards to make sure that registered engineers, 
industrial or other, are practicing or have practiced Industrial 
Engineering 

. . Clarify and modernize both the categories and scope of 
Industrial Engineering in the manual. 

... Rewrite the entire Membership Qualifications and Classifica- 
tion Manual and the Membership section of the Constitution to 
assure compatibility and understanding. 

. Develop specific credit for use by the chapters, Institute 
headquarters, and the Membership Board of Review for managerial 
responsibility over Industrial Engineering functions, college teach- 
ing, advanced degree work, etc., when reviewing an applicant’s 
qualifications. 


As a result of Board action, the taskforce contacted sev- 
eral of the Institute past presidents for their comments 
and ideas regarding the recommendations. These com- 
ments were carefully weighed, and most of them were in- 
cluded in the final recommendations presented to the Ex- 
ecutive Committee in April, 1961. The Executive Commit- 
tee approved the recommendations but requested some 
changes in terminology in the categories and scope of In- 
dustrial Engineering. E. J. Palisin and I were asked to 
make these changes in Detroit. The Executive Commit- 
tee also instructed the Executive Secretary to prepare the 
Constitution changes which would have to be submitted 
to the Membership for approval. 


CONSTITUTIONAL CHANGES 


Since the meetings in Detroit, a new Membership Qual- 
ifications Manual has been prepared. The new manual will 
include recommendations to strengthen and clarify the 
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qualifications, broaden the categories of Industrial Engi- 
neering, and modernize the definition and scope of the pro- 
fession. The material to be included in the new manual has 
been sent to the present Board of Trustees for final re- 
view and comments before going to press. However, be- 
fore the new manual ean be used, several changes in the 
Constitution require approval by the membership. A bal- 
lot to vote for these changes is included in the “Institute 
Interests” section of this issue of the Journal. 

In order that you may have some background informa- 
tion before you vote on the recommendations, I will dis- 
cuss some of the significant proposals and explain how the 
changes will eliminate or minimize many of the problems 
mentioned earlier. 


AFFILIATE 


As most of us know, the Affiliate grade of membership, 
which is a nonvoting grade, was established for“... a 
person who, by scientific requirements or practical ex- 
perience, had obtained a position in some profession or 
branch of industry or science which qualified him to co- 
operate with Industrial Engineers in the practice and ad- 
vancement of their profession, and that he must be at 
least 25 years of age.”’ Ever since this grade has been es- 
tablished, it has also been used for men working as In- 
dustrial Engineers who did not yet have the qualifications 
to become an Associate Member. For instance, any col- 
lege graduate, with a degree not accredited by ECPD, 
whether it be in agriculture, business, or Industrial En- 
gineering, with less than four years of actual experience in 
a number of recognized Industrial Engineering activities, 
was admitted as an Affiliate. 

Let’s examine the problem further. Take an individual 
who has just received an Industrial Engineering degree 
from a school not accredited by ECPD and is 22 years old. 
Also, consider that this school may have been preparing 
to ask for an ECPD inspection or it may have been a 
school, which by state law, could not seek. accreditation. 
At the present, this man could not be admitted to the In- 
stitute in any grade. To further illustrate the problem, 
assume the individual is 25 years old. He could then be 
admitted to the Institute as an Affiliate but would pay 
$7.50 more dues per year than the Industrial Engineering 
graduate from a school accredited by ECPD. This indi- 
vidual would immediately become an Associate Member 
and pay lower dues for five years. 


JUNIOR 


To eliminate misuse of the Affiliate grade and restore 
it to the purpose of its original intent, the taskforce has 
recommended another nonvoting grade of membership to 
be called “Junior.” Following is a summary of the quali- 
fications for this new grade: 

1. A graduate of an engineering curricula, accredited by ECPD 
(no Industrial Engineering option or minor), actively engaged 
in the field of Industrial Engineering for less than one year 

2. A graduate of Industrial] Engineering or other engineering 
curricula, not accredited by ECPD, actively engaged in the field 
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of Industrial Engineering, but not meeting qualifications for an 
Associate Member. 

3. All other college graduates actively engaged in the field of 
Industrial Engineering, not meeting the qualifications for an 
Associate Member. A candidate must have a minimum of two 
vears of Industrial Engineering experience in two or more 
categories. (Credit up to one year may be substituted in lieu of 
experience for one year of college level engineering or physical 
sciences.) 

4. Noncollege graduates with some or no college training 
actively engaged in the field of Industrial Engineering, but not 
meeting the qualifications for Associate Member. A candidate 
must have a minimum of four years of Industrial Engineering 
experience in three or more categories. (Credit up to two years 
may be substituted in lieu of experience for two years of college 
level engineering or physical sciences.) 


In addition, the committee also included the following 
statement as a part of the new Junior grade qualifica- 
tions: 


“A Junior must qualify for Associate Member within five years 
or be dropped from the organization.” 


If this grade is adopted the dues will be $10.00, the same 
as presently paid by an Associate Member during his first 
five years in the Institute. By establishing the Junior 
grade, the committee feels that misuse of the Affiliate 
grade will be eliminated and possible inequities in dues 
will be minimized. 

As stated earlier, the Associate Member qualifications 
may be inadequate. Graduates with Industrial Engineer- 
ing and engineering degrees from schools not accredited 
by ECPD have been treated the same as graduates from 
any other schools, such as liberal arts, agriculture, busi- 
ness, etec., when considered for membership in the Insti- 
tute. The taskforce has recommended that if the Institute 
is to provide proper guidance and assistance to graduate 
engineers entering the Industrial Engineering fie'd, we 
must clarify our qualifications for the Associate Member 
grade so that these men can become voting members 
sooner than graduates from schools other than engineer- 
ing. In order to do this, the taskforce has recommended 
that the following be added to the present qualifications: 

1. Graduate of an Industrial Engineering curriculum not ac- 
credited by ECPD with one year of Industrial Engineering ex- 
perience. 

2. Graduate of an engineering curriculum not accredited by 
ECPD, having two years of Industrial Engineering experience in 
three or more categories. 


REGISTERED PROFESSIONAL ENGINEERS 


For several years, many chapters have felt that more 
safeguards were needed in the membership qualifications 
for registered professional Industrial Engineers and reg- 
istered professional engineers other than industrial. Pres- 
ently, a registered professional Industrial Engineer auto- 
matically becomes a Member upon application; a reg- 
istered professional engineer other than industrial is eli- 
gible to become a Member upon application, if actively 
engaged as an Industrial Engineer at the time the applica- 
tion is filed. Following are the recommendations proposed 
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to provide the safeguards that the Chapter Membership 
Qualifications Committees should have in evaluating the 
background of registered professional engineers: 

1. Registered professional Industrial Engineer—eligible for 
Senior Member (if “Senior” terminology is re-adopted) upon 
application providing he holds, or has held since securing his 
registration, a responsible position in Industrial Engineering for 
at least one year. 

2. Registered professional engineer, other than industrial— 
eligible for Senior Member upon application providing he holds, 
or has held, a responsible position in Industrial Engineering for 
at least two years. 


INDUSTRIAL ENGINEERING CATEGORIES 

Expanding the Industrial Engineering categories used 
by those responsible for membership qualifications 
throughout the country will not require Constitution 
changes or a vote from the membership. However, it is 
my feeling and that of the taskforce that each of you 
should know the categories which have been used in the 
past in evaluating new applicants and the expanded ones 
which will become a part of the new Membership Qualifi- 
cations and Classification Manual. Before reviewing the 
new categories, you should examine those which have 
been used for several years: 
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Plant layout 

Process routing 

Production control 

Quality control 

Safety engineering 

Plant engineering 

Materials handling 
Manufacturing methods 
Standard time data 
Manufacturing budgetary control 
Cost and analysis 

Estimating 

Job evaluation 

Office systems and procedures 
Sales engineering 

Tool design and control 
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Now let’s look at the new categories developed only 
after careful consideration of data submitted by the chap- 
ters, comments from many Institute officers, the work of 
Dean Kopp’s committee on professional standards, and 
the work submitted by Morley H. Mathewson and “The 
Emerging Role of Industrial Engineering,” edited by 
Austin Weston. 

Industrial Engineering experience as referred to in basic 
membership qualifications and on the application blank 
shall consist of experience in research, design, develop- 
ment, and installation of plans, methods, systems, and 
controls involved in the following recognized Industrial 
Engineering activities as applied to any function in any 
enterprise: 

1. Selection of processes and assembling methods. 

2. Selection of tools and equipment. 

3. Design of facilities, including layout of buildings, machines, 


and equipment, material handling equipment; raw materials and 
product storage facilities. 
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4. Design and/or improvement of planning and control systems 
for: Distribution of goods and services, production, inventory, 
quality, plant maintenance and engineering, or any other func- 
tion 

5. Development of cost control systems such as budgetary con- 
trols, cost analysis, and standard cost systems. 

6. Product development. 

7. Develop and install wage incentive systems. 

8. Development of performance measures and standards (in- 
cluding work measurement and evaluation systems) 

9. Job evaluation. 

10. Evaluation of reliability and performances 

11. Operations research including such items as mathematical 
analyses, systems simulation, linear programming, and decision 
theory. 

12. Design and installation of data processing systems. 

13. Office systems, procedures and policies 

14. Organizational planning. 

15. Plant location surveys which consider potential market for 
plant, raw material sources, labor supply, financing, and taxes. 


These categories are subject to augmentation to keep 
abreast of the broadening scope of Industrial Engineer- 
ing. All additions will be subject to review by the Profes- 
sional Standards Director. 

I am confident that each of you will agree that the new 
categories are a tremendous improvement over those 
which have been used for several years. 

CHANGING SCOPE 

The scope of Industrial Engineering, which provides 
assistance to the Membership Qualifications Committees, 
needs to be kept abreast of the constant changes taking 
place in the profession. The material which has been in- 
cluded in the manual for several years is generally limited 
to manufacturing and does not fully recognize the modern 
image of Industrial Engineering. 

To replace the scope which has been used, the new 
Membership Qualifications and Classification Manual 
will include the material which was recently published in 


the special issue of the Journal titled, “The Emerging Role 
of Industrial Engineering.’ Rather than repeat this entire 
article here, may I recommend that you again read the 
article. The use of this material will greatly assist those 
who must evaluate applications for membership in the 
Institute. 

The new Membership Qualifications and Classification 
Manual will be much more complete and comprehensive 
than the present one. The new manual will include many 
more specifics to help the chapter qualifications commit- 
tees and enable them to better understand the criteria used 
by the Membership Board of Review in evaluating appli- 
cations which cannot be approved by the Executive Sec- 
retary. By bringing about a better understanding and 
spelling out of how specific credit is given for teaching, for 
supervisory responsibilities, etc., the taskforce and your 
President are confident that the percentage of applications 
which now have to go to the Membership Board of Review 
for processing will be greatly reduced. 

It is my fond hope that each of you now adequately 
understand the background to vote intelligently on the 
proposals developed by the taskforce. The decision is 
now up to you. 

If you vote for the changes, it is the feeling of the Board 
of Trustees, including the senior officers of the Institute 
that our new membership qualifications will be adequate 
for many years and will insure continued professional 
growth of the American Institute of Industrial Engineers. 

I am sure you all join me in expressing gratitude and 
appreciation to E. J. Palisin, W. E. Fourqurean and the 
members of the New Orleans Chapter who have served on 
the Membership Board of Review, and the qualifications 
taskforce. A vote of thanks should also go to the chapter 
presidents for their significant contributions to the task- 
force and to J. L. Schaefer for his work in revising the 
Membership section in the Constitution. 


fhe journa. si 


: 
= 
7 


INDUSTRIAL ENGINEERS 


Outstanding opportunities are now available in our Supplies Division Engineering Laboratory in upstate New York 
for personnel with the following qualifications . . . 


B.S. or advanced degree in Industrial Engineering, Mechanical Engineering or Industrial Management. Three 
years experience in industrial engineering field preferred but outstanding recent graduate will be considered. 
Knowledge or experience in one or more of the following areas is required: 


Procedural Methods 

Cost Control 

Plant Layout 

Manpower Space Planning 


Methods Analysis 

Labor & Materials Standards 
Statistical Quality Control 
Materials Handling 


The assignment will involve evaluation of existing and new production processes in the six plants of our manu- 
facturing organization. Occasional travel will be required. All qualified applicants will be considered for 
employment without regard to race, creed, color or national origin. 


Please write, outlining your background and interests, to... 


Mr. R. F. Williams, Dept. 588L 
IBM Supplies Division 
Endicott, New York 


INTERNATIONAL BUSINESS MACHINES CORPORATION 


@ HOW FOREMEN Uncover HIDDEN PROFITS in your plant or shop with the— 
CAN CONTROL 5-volume McGraw-Hill 


CcOsTS PRACTICAL COST CONTROL LIBRARY 
@ TIMESTUDY By PHIL CARROLL, 1372 pages, 460 illustrations, only $19.50 


FUNDAMENTALS An expert on the subject, Phil Carroll, shows you 
FOR FOREMEN exactly how to take on cost control problems—and 
solve them—at all levels in the plant or shop. Fore- 
s i acts, data, and methods to get on 
COST CONTROL use these specific facts, . 


of cost problems order. 
starting right at the front-line supervisory level, 
@ HOW TO CON- this Library points out the foreman’s responsibilities 
TROL PRODUCTION for costs—gives scores of helpful suggestions on such 
COSTS typical foreman cost problems as changing setups, 
training new men, handling rush orders, eliminating 
@ HOW TO CHART waiting time, scrap, and so on. 
TIMESTUDY DATA 


Order your Library from: American Institute of Industrial Engineers 
345 East Forty-Seventh Street, New York 17, New York 


Timestudy techniques and applications 


From the ABC’s of timestudy, this Library leads 
you step by step through the standard-setting proc- 
esses. Complete, practical explanations cover the 
entire timestudy procedure—how and where to start, 
building standard data, applying standards, and 
maintaining a complete incentive installation. 


A full explanation of the total-conversion-cost 
method of control gives you tested means of boosting 
profit and plugging cost leads. 


Novemb<;-Sesember, 1961 


The Journoe! of Industrial Engineering 435 


~ 
z 
Pe 
i 
7 
| | 
} 
| 
| 
} 


RECENT READABLES 


AUTOMATION 


“To Succeed with Automatic Control—Think Small,” A. J. Do- 
lan, Factory, August, 1961. 

Thinking big can be the wrong way to start if you’re trying 
to cut costs with automatic controls. One step-at-a-time improve- 
ments using modest-priced controls may pay off faster in the end. 


i (I. L. Haines, Lukens Steel) 


ENGINEERING ECONOMY 


“Effects of Obsolescence on Tax Depreciation Practice,” Paul T. 
Norton, Jr., THE ENGINEERING ECONOMIST, July-August, 1961. 

Everybody complains about the way obsolescence is handled 
in tax depreciation practice, but nobody has as yet found a solu- 
tion that satisfies both the taxpayer and the tax collector. In this 
short article an attempt is made to discuss several aspects of the 
problem which the writer believes either have not been fuily 
understood by most persons, or else have not been explained suffi- 
ciently by those who advocate certain procedures. 


GENERAL 


“Assimilating the College G 
R. D. Garton 


we to Industry,” 
ion, January-February, 1961 
from to industrial life 
preparation for the more 
aspects of industry. This transition can be alleviated by 


fancition campus 
piumarily from lack of college 


the right kind of training and the 
doing so. (A. L. Friedrichs 


1uthor gives guidelines for 
Ethyl Corporation) 


“The ‘Functionaline’ 
THE oFFice, July, 1961. 
This concept, which bre» 


Organization Plan,” Harold B. 


Wilson, 
' the bounds of departmentalization 
of functions, is based on the assumption that most office workers 
can perform different tasks if given the opportunity and training. 


“Management and the Productivity of Labor,’ Robert Zager, 


MENT 


The author makes a strong case for looking to the worker to 
" participate with management in the task of integrating individual 
oy efforts to meet departmental goals 


“Output Rates Among Machine Operators,” JOURNAL OF APPLIED 
psycHoLocy, p. 50, February, 1961. 
A study of the relationship of consistency of output of industrial 


s operators to the adequacy of the financial incentives in their work 
situations. (A. L. Friedrich, Ethyl Corporation) 
INVENTORY CONTROL 


“A Review of Inventory Control Theory, Ralph L. Disney, THE 
ENGINEERING ECONOMIST, July-August, 1961. 

In this paper, an attempt is made to review the published 
literature, from Babcock’s first paper to the present. 
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SYSTEMS AND PROCEDURES 

“How to Keep Employee Time, Cost and Job Records,” Carl K. 
Gieringer, THE OFFICE, August 1, 1961. 

Several practical and economical systems, which are almost 
foolproof, indicate how and where employees spend their time. 


“Production Gets a Crystal Ball That Works,’ R. W. Christian, 
ractory, July, 1961. 

A new technique called “‘Line of Balance” is now available to 
monitor progress on production programs. Based on a set of three 
ingeniously-related charts, this procedure tells you whether your 
production is up to schedule and, if not, where to look for the 
trouble spots. (J. L. Haines, Lukens Steel) 


WORK MEASUREMENT 

“Development and Validation of Synthetic Dexterity Tests 
Based on Elemental Motion Analysis,” Donald W. Drewes, sour- 
NAL OF APPLIED PSYCHOLOGY, June, 1961. 

A discussion of the methods and results in evaluating dexterity 
tests for use in personnel selection. The Purdue Eiemental Mo- 
tions Tests (PEMT) which were designed to incorporate mai: 
the motion elements used in MTM are the main topic ef 
sion. 


“What To Do About Troubles With Inc 
ractory, July, 1967. 

Since an effective incentive 
or more, it is only good 


+. Walley 


si production by 25% 

, maintain it properly. This 
that, if followed, should keep 

>a minimum. (/. L. Haines, Lukens Steel) 


article presents eic’ 
your 


Handbook of Automation, Computation and Control,’ Volume 
3, Svstems and Components, edited by Eugene M. Grabbe, Simon 
Ramo, and Dean Wooldridge, John Wiley and Sons, Inc., New 
York, 1961, $19.76. 

The third of a three volume set that will be of value to the 
Industrial Engineer. Volume 1 included General Mathematics, 
Numerical Control, Operations Research, Information Theory 
and Transmission, and Feedback Control. 

Volume 2 includes Computer Terminology, Digital Computer 
Programming, The Use of Digital Computers and Data Processors, 
Design of Digital Computers, Design and Application of Analog 
Computers and Unusual Computer Systems. 

The present volume is devoted to Systems Engineering, Manu- 
facturing Process Control, Chemical Process Control Instrumen- 
tation, Chemical Process Contre! Systems. Compenent Selection, 
and Design of Componcits 


SENIOR QUALITY CONTROL ENGINEER j 


Will analyze, evaluate and verify package quality using 
statistical techniques in Production Quality Control De- 
partment of expanding midwestern pharmaceutical com- 
pany. 


Requires degree in Industrial Engineering or Mathe- 
matics plus four years’ industrial engineering and/or 
quality control experience, Replies confidential. 

Please send resume to: 


Manager, Technical Employment 
Mead Johnson and Company 
Evansville 21, Indiana 


All qualified applicants will receive consideration for employment without re 
to race, creed, color or national origin. 
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